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PREFACE

This is the final report on the "Review and evaluation of past solar cell develop-

ment efforts". This work was performed by members of the Physical Research

Laboratory (M. Wolf, Manager) of the Astro-Electronics Division of RCA, Princeton,

New Jersey, for the National Aeronautics and Space Administration, under Contract

Number NASW-1427. The period of performance for this program was June 1, 1966,

through May 31, 1968. Mr. M. Wolf was the Project Director, and Dr. P. A. Crossley

was the Project Scientist. Others who participated in the work were G. T. Noel and
K. Brodtman.

The effort on this contract was directed by Mr. Arvin H. Smith, Chief, Solar and Chem-

ical Power Systems, Office of Advanced Research and Technology, NASA Headquarters,

Washington, D.C.

Due to the very nature of this program, assitance from research workers in the field

of investigative interest was essential. The authors of this report take this opportunity

to express their gratitude for help received from:

Mr. W.R. Cherry, Chief, Space Power Technology Branch of

NASA Goddard Space Flight Center;

Dr. D.A. Cusano, Liaison Scientist, General Physics Research

and Development Application Service, General

Electric Co. ;

Dr. R.B. Emmons, Sylvania Electronic Systems;

Prof. H.Y. Fan, Purdue University;

Dr. P. Fang, NASA Electronics Research Center, Cambridge;

Dr. A. Golubovic, Energetics Branch, Space Physics Laboratory,

USAF Cambridge Research Laboratories;

Dr. W. King, Ion Physics Corp;

Dr. E. Kittl, Chief, Energy Conversion Systems Branch,

US Army Electronics Laboratory, Fort Monmouth;

Prof. J.J. Loferski, Brown ....-"...... -'_--

Dr. V. Magee, Ferranti Ltd. ;



Dr. M.B. Prince, Associate Manager, Electro-Optical/Solid State
Technology, EOSSystems Inc. ;

Prof. Dr. H.J. Queisser, Physikalisches Institut, Frankfurt;

Mr. E.L. Ralph, Manager Device DevelopmentDepartment,
Heliotek Div° Textron, Inc. ;

Mr. P. Rappaport, Associate Laboratory Director, Materials
Applied Research, RCA Laboratories;

Dr. D.C. Reynolds, Director Solid State Physics Research Labor-
tory, USAF Aerospace Research Laboratories;

Mr. M. Rodot, Centre National de la Recherche Scientifique,
Bellevue;

Mr. R.S. Schlotterbeck, Semiconductor Products Dept., General
Electric Co. ;

Dr. L.R. Shiozawa, Electronic Research Division, Clevite Corp. ;

Mr. F.A. Shirland, Head, Solar Battery Section, Electronic
Research Division, Clevite Corp. ;

Mr. R.I. Walker, Chief Engineer, Ferranti Ltd.

The literature search involved a number of foreign languagepublications for which
translations were necessary. For elucidating historical papers in German, thanks
are dueto Mr. M. Byczkowski and Mrs. S. Winkler, and for translations and in-
terpretive help with modern Russian papers, our thanks go to Prof. J.J. Loferski.

The aid of the RCA Laboratories and Astro-Electronics Division Librarians and their
staffs is especially appreciated.
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ABSTRACT

This report provides a historical account of all research done on the photo-

voltaic effect, and on devices which use this effect for power conversion. This

account is used as the basis for a critical analv_i_ anu................._;a_u_u,, _* *_ ...._*

research in this field, which was aimed at providing solar photovoltaie conver-

sion devices for generating power in space. From this examination of past work,

suggestions are derived for research into specific areas with reasonably high

potential for yielding results which will provide improved devices for future

application in space power systems. This report also contains an extensive

bibliography listing the scientific publications, conference reports, and govern-

rn ent contract reports which have been found relevant in this work.
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SUMMARY

The objective of this program has been to identify those areas of research and

development in the photovoltaic field where it appears probable that results will be

achieved that will be pertinent to solving present and foreseeable problems arising in

the application of solar photovoltaic devices to the generation of electrical power in

space. To achieve this objective, all of the published papers, conference papers,

and research contract reports that could be traced and obtained in the subject field

and in closely related fields were read. From this work a historical account of re-

search and development pertaining to solar cells has been written. Specific areas of

this research have been critically analyzed and evaluated, and the results of this ex-

amination have been used to derive recommendations for future work. Major areas

in which suggestions for future research are made, include p-n junction and recombina-

tion theory, thin silicon cells, drift-field cells, CdS and CdTe thin-film cells, lithium-

doped silicon cells, and shallow-junction silicon cells. Accounts of the activity in

these areas form the major part of this report. In addition, two contributions to cell

theory are given in detail in the Appendices, and a list of the scientific papers and

government research contract reports which were used in this work are given in the

_ibliography.
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I. OBJECTIVESANDMETHODS

A.OBJECTIVES

Devices using the photovoltaic effect have for the past decade provided the only

viable electrical power source for space vehicles with a lifetime exceeding a few

weeks. The construction of arrays of these devices to convert sunlight into useful

power at a level of up to about 1 kW is now a mature engineering field. It was be-

lieved until recently that other power sources would become available for long-

duration missions during the late 1960' s, and, in particular, that they would be used

when the art of propulsion had advanced sufficiently to launch payloads requiring kilo-

watts of power. These alternative power sources were thought to use solar or radio-

isotope heat in turbine, thermoelectric, thermionic, or thermophotovoltaic conversion

systems.

Large research efforts in these areas have produced remarkable advances, but these

systems are not yet sufficiently developed for use in high-power systems, nor do their

lower power varieties yet provide cost-effective systems in competition with solar

photovoltaic systems for most cases of application. Although there is little doubt that

these new devices will eventually be successfully applied in large power systems, it

has become generally recognized that solar photovultaic _yst_ms _apabie of supplying

up to 50 kW of power will provide very competitive systems, both from the technical

and cost view-points.

For these reasons, much research on the photovoltaic effect and on devices for its

application has been supported under the US space effort, and it appears necessary
that such research be continued in the future. To enable the research effort to be de-

ployed in the areas most likely to produce needed results, the work under this con-

tract has been performed. The objective has been to recommend a number of specific

areas where research is most likely to yield improved devices, and to present the

evidence on which these recommendations are based.

B. METHODS

1. Literature Search

The starting point for the work of this contract has been a literature search.

This has been made as comprehensive as possible, and has covered (i) material pub-

lished in the scientific literature from the time of Becquerel's discovery of the photo-

voltaic effect in 1839 to the present time, (ii) papers presented at scientific confer-

ences, and (iii) reports on research funded by the US government. The subject field

has encompassed the photovoltaic effect and devices employing it, but has not included

1



any of the development work related to array fabrication or deployment methods°

Although the subject of radiation damage has been covered, the total amount of re-

search which has been done in this field is much larger than that needed for the pur-

poses of the present work, so that no attempt has been made to provide complete

coverage of this literature.

Searching the published scientific literature is of course comparatively simple, and no

special difficulties have been encountered. Obtaining transcripts of papers presented

at scientific conferences has not been so easy, and it has been necessary to rely

almost wholly on direct approaches to well-known workers in the field. Consequently,

it is expected that the degree of coverage obtained for this material is relatively low.

However, such papers can be regarded as supplemental to published works, so that

this is not a source for concern. Reports on government-sponsored research have

also proved difficult to obtain in some instances. The problem here has been to learn

of relevant research projects, and to identify the reports generated under them. Once

this hurdle has been passed, it has generally been found comparatively easy to obtain

the needed copies from the documentation centers operated by DoD and NASA. Aside

from personal knowledge, the most useful source of information on relevant research

projects has been the PIC Briefs issued by the Interagency Power Information Center.

Although this source appears to be relatively complete for contracts issued since about

1964, the coverage during the period 1960-1964 is noticeably incomplete, and the

Briefs do not cover the pre-1960 period. Although many reports have been obtained

on projects not mentioned in the PIC Briefs, it is felt that a proportion of the research

during the period 1955-1960 must have gone unexamined for this reason. It seems

highly improbable that any major developments from this period were not eventually

reported in the published literature or incorporated in later devices or approaches,

and have consequently not been accounted for, but it has been a disappointment to feel

that the coverage in this area may have been less than complete. It should also be

mentioned that the lack of report identification numbers in the PIC Briefs has proved

particularly irksome. Ideally, the Briefs would provide the accession members

allocated by the DoD and NASA documentation facilties. Whereas the necessary

liaison would probably be difficult to achieve, and would also delay issuance of the

Briefs, it would appear possible to provide the report number as issued by the con-

tracting agency. This would greatly facilitate obtaining needed reports. Finally, it

must be recorded that a notable omission from many reports is an indication of the

period of time during which the reported work was done, and of the personnel in-

volved. The responsibility for this ultimately rests with the contractor, and it is

urged that these be included as a matter of course in all reports, since they are

almost essential to allow correlation between reports and scientific papers published

on the results of the same work.

The papers and reports which were collected during the literature search are listed

in the bibliography at the end of this report. Every one of the 596 papers and 204

reports was read completely, and an abstract prepared. These abstracts were filed

under an indexing system so that papers relevant to a given topic could be located
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2. Historical Review

From the material assembled during the documentation phase, a historical re-

view was written covering the entire photovoltaic research effort from 1839 to the

present. This review occupies the greater part or this report, the material from

earlier reports being reprinted to provide a unified and complete account. This re-

view also contains, to a large degree, an evaluation of the work done in the past, since

it contains comparisons with later work and interpretations in terms of present-day

concepts. However, care has been taken to give a factual account and to insert con-

clusions only where it is believed that the evidence available indicates that there will

be no disagreement with the conclusions. In cases more open to varying interpreta-

tions, all sides of the subject under discussion have been presented in the historical

review, and further discussion reserved to the analysis and evaluation chapters. In

this way, it is hoped that separation between established fact and editorial opinion has

been maintained in this report.

3. Evaluationand Analysis

As mentioned above, a considerable amount of evaluation and analysis was per-

formed in assembling a historical account of photovoltaie research, in Lhe chapters of

this report following the historical review, further evaluation and analysis is reported.

This discussion has been limited to areas where it is believed that more detailed con-

sideration is worthwhile, bearing in mind the objectives of the project in hand. In

these evaluation and analysis phases, an effort has been made to provide critical but

objective comparisons and comments. While it will no doubt have been impossible to

avoid offending someone, the attempt has been made to avoid being partisan in criti-

cizing the results of others, and to provide as fair an account as possible=

4. Suggestions

Based on the results of the preceding phases, recommendations have been made

for research in specific areas. These suggestions have been made selectively, since

it is assumed that infinite funding for photovoltaic research is not available. In addi-

tion, past experience has indicated that small research efforts are rarely worthwhile,

and it appears that a better return on investment in research is obtained from large

efforts in limited areas than from many small efforts over a wide range of topics. It

is believed that the photovoltaic field has now sufficiently matured that research

efforts can be accurately directed into limited areas likely to yield useful results.

This is in many ways a basic premise of this project.

A final word of caution should be inserted at this point, however. An analysis of this

type operates largely by logical processes, by extrapolation from past research re-

sults. While thorough knowledge of a given field and of the past accomplishments with-

in it and neighboring fields is a necessary basis for such logical extrapolation pro-

cesses, it can also provide an intuitive "feel" for the subject which has occasionally



beenused to supplementlogical justification for pursuing a particular research topic.
This, however, still provides no meansfor identifying areas of research where en-
tirely unexpectedresults will be obtained. Sucha statement is of course tautologous,
but it serves to indicate a limitation on the results which canbe obtained by logic
from limited starting data. Sucha noticeable example of unexpectedand useful re-
sults exists in the photovoltaic field, in the form of the CdScell. This example pro-
vides plenty of substancefor not losing sight of this limitation on the present analysis
andthe resultant recommendations.

5. Organizationof this Report

This report provides a historical account of all research and development work

done on photovoltaic devices, followed by an evaluation and analysis of this past re-

search. Finally, suggestions for future research areas are discussed.

The historical account is given in the first three chapters (II through IV), with the

period being divided into the earliest work (1839-1940), the development of practical

energy conversion devices (1940-1955), and the refinement of the devices during the

most recent period (1955-present). Within each chapter, the material is divided into

subject areas, generally by device type, and the account is chronological within the

subject area.

In chapter V, the research and development done in the past is evaluated and analyzed,

attention being concentrated on those areas where discussion is pertinent to the fore-

seeable problems arising in space power generation. In this chapter, the material is

organized parallel to that presented in chapter IV, to provide easy correlation between

the analysis in chapter V and the factual account of the research in chapter IV.

Based on the conclusions of chapter V, suggestions for future research areas most

likely to yield fruitful results are presented in chapter VI. Here, the organization of

the material has been different from that used in preceding chapters, the subject

areas being approaches to a common problem (e.g., efficiency improvement, cost re-

duction, etc.), to stress the fact that the achievement of these objectives is the mo-

tivation for the suggested further work.

Appendices I and II describe two contributions to cell theory, which have been made

during the course of this work. Appendix III provides chronological charts describing

Government-funded research projects, to aid the reader in keeping track of the vari-

ous programs which are discussed in the main body of the report.

The bibliography provides a listing of publications and reports which have been found

to be useful during the course of this work.
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GLOSSARY OF SYMBOLS FOR SECTION It

[A] chemical activity

B constant

C constant

C 1, C 2 constants proportional to electron density
in unilluminated semiconductor

d junction width

Ema x maximum energy of a photo-emitted
electron

h Planck's constant

J illumination intensity or current density,

in context

JL Iight-generated current density

Jo reverse saturation current density

k Boltzmann's constant

k2, k3 constants

N electron concentration or carrier

concentration in unilluminated region,

in context

No carrier concentration in illuminated region

n electron concentration

q electronic charge

T absolute temperature

V potential difference

V ° dark emf or barrier height, in context

Voc open-circuit voltage

W barrier height

X constant related to carrier mobilities

c¢ constant

8 constant

_n electron mobility

_p hole mobility

v frequency

p_ limiting reverse resistance

Dember potential difference
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II. DISCOVERYOFTHEPHOTOVOLTAICEFFECTAND EARLYWORK

A. INTRODUCTION

This chapter is an account covering the first part of the history of research into

the photovoltaic effect. The period covered in this part of the history is from the

earliest work (1839) to 1940. The next chapter covers the historical development

from 1940 to the present day. The dividing point at 1940 has been chosen because

it forms a natural break in the development of the subject. During the earlier

period, a large body of phenomenological knowledge was built up on photo-effects

seen in a wide variety of semiconductors. Most of this work was unrelated to other

work in the field because of poor reproducibility, results from similar experiments

sometimes giving apparently contradictory results. However, the development of

cuprous oxide rectifiers and photocells brought order to the field, and the subse-

quent development of a good theory of metal-semiconductor barrier effects was the

climax of this early period.

During the second period, attention shifted to p-n semiconductor junctions. With the

experimental results from these, theory could be verified to a degree not possible

before, and the resulting understanding made possible the development of semi-

conductor devices and the practical realization of the present generation of solar

conversion devices.

The order of presentation of the material in this history is chronological, but a divi-

sion has been made into various subject fields, as shown in the index. This has been

done to allow a coherent development of each topic. The potential difficulty with this

method is that it does not show the interaction between contemporary developments

in separate fields. These were, in fact, not strong during most of the cariy period,

but where they did occur, cross-references will be found in the text.

B. THEBECQUERELEFFECT

Since the Becquerel effect is of some historic importance, but is judged to be un-

likely to yield results of practical significance for power conversion devices, the ac-

count which follows does not aim to be an exhaustive study of the subject. Since most

of the review papers are mentioned as such in the text, reference to these will provide

a more extensive bibliography should this be desired.



The Becquerel effect is seen with two identical electrodes immersed in the same
electrolyte solution, whenone electrode is illuminated andthe other is in darkness.
A potential is developedbetweenthe electrodes, the voltage value increasing with
light intensity. A current canbe drawn from the cell, the short-circuit current value
alsoincreasing with increase of illumination. It is usual for the illuminated electrode
to become electrically positive, but there are exceptions to this rule. In some systems
(notably with cuprous oxide electrodes} it is necessary to "activate" the light-sensitive
surface by passageof anelectric current, before the photosensitivity is developed.

Becquerel's paper (1), published in 1839,marks the beginning of photovoltaic research.
The paper is wholly concerned with experimental results, giving data obtained using
platinum electrodes in solutions of hydrochloric acid, andbrass and silver electrodes,
also in acid solutions. It was found that silver halide coatings on the electrodes
markedly increased the currents obtained,but that the action was a transient one.
Simple spectral response measurements were performed using sunlight passed
through a prism, the response peaking in the green for brass electrodes, and the ultra-
violet for silver halide electrodes. Care was taken to distinguish the observed effects
from anywhich might arise from thermal action, but no distinction was possible
betweenpurely photoelectric andphotochemical reactions.

Following Becquerel, reports of further researches were made at various times during
the remainder of the nineteenth century, the main contributions being a large increase
in the number of electrode-electrolyte systems known to be photosensitive. Kochan (2)
published a summary of the work up to 1905. Interest then shifted primarily onto
Cu20-electrode systems, this being a precursor to the wave of interest in this material
in the dry-rectifier photoelement work during the 1920's and early 1930's. Garrison
(3) in 1923reviewed the previous work in this field, and reported the results and con-
clusions of his own experiments. The principal difficulty lay in separating photo-
chemical from physical photoelectric effects. Garrison's conclusion was that in the
systems involving Cu20 electrodes in neutral electrolytes (e.g., K2SO4 and KC1)the
primary reaction is chemical, the light producing a displacement of the equilibrium
in the reaction:

Cu20 (solid) -. " Cu20 (dissolved) _ 2 Cu +O

in such a way that Cu20was dissolved from the solid. Perhaps the most interesting
point brought out in this paper concerns cell output potentials. It was believed that the
Becquerel electrode action established a "concentration cell", 1 and, hence, a
logarithmic dependenceof cell output potential on illumination intensity is predicted,
under reversible thermodynamic conditions, i.e., open-circuit conditions. Experimental
verification of this relationship was sought and obtained with fair accuracy. This
logarithmic dependenceof Voc on illumination intensity was apparently not known for
barrier-layer cells until some ten years later.

For an exposition on this subject, see any standard text on physical chemistry, e.g.,
Elements of Physical Chemistry by Samuel Glasstone, St. Martin's Press Inc.,
New York.
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Winther's paper in 1927 (4) reviewed the work up to that date. From this review of

the available data and theories it was concluded that incident light caused a primary

ionization at the electrode-electrolyte interface (a pure surface effect) with a subsequent

change in the adsorption equilibrium. Any photochemical process accompanying this

physical process was considered to be a side effect. The lack of correlation between

photoconductivity and photovoltage was thought to be due to one being a surface effect,

the other a bulk effect, but an intrinsic connection was assumed.

In 1929, Winther (5) presented experimental work on Cu20 electrodes in dilute KC1
solutions. It was found that oxygen was consumed at these electrodes, and it was

concluded that in these and other "oxygen-electrodes" a potential difference was

maintained across the unilluminated Cu20 , but on illumination, a drop in electrical
resistance occurred which allowed a chemical reaction to take place, producing an emf

relative to an unilluminated electrode. This apparent reversal of the author's view

of his subject was caused by the great difficulty encountered in separating chemical

and physical effects occurring simultaneously. This is probably the main reason why

the work done on "dry" systems was to prove so much more effective in elucidating

fundamental processes.

A considerable amount of research on photoelectric effects was conducted at Columbia

University under C. G. Fink, during the 1930's. Some of the early work done during

this period was on Cu20 Becquerel cells, using Pb (NO3) 2 electrolyte and Pb as a
second electrode. (Such a device, of course, generates a dc voltage under no

illumination.) Some of this work was published in 1930 (6), but the primary emphasis

in this paper was on techniques for fabricating cells, and on discussions of their

applications, so that the work is of minimal value to the development of this subject.

Later work by Fink and Adler was to prove of greater significance.

In the years 1920-1932, the front-wall barrier Cu20 cell was developed, and an
understanding of its operation was obtained. A major part of this work was done at

the laboratories of Siemens in Germany under Schottky, Duhme, Waibel, and others.

It is clear that this group understood the relevance of their work to an explanation

of the Becquerel effect, as is shown by a comment by Schottky (7), and in a review

paper by Duhme (8) both published in 1931. This issue was taken up in detail by

Waibel (9) in 1932. The experimental evidence produced by Waibel using Cu20 electrodes

in 5% KC1 solution and Cu20 barrier-layer photocells with a transparent conducting
front electrode was as follows:

8 In both cells, photoeffects were seen only when the cuprous oxide su_ace

was activated. This activation could occur by polarization in a liquid

solution, or by passing a current through the cell from an external source.

After activation, the same electrode showed photosensitivity in both types

of cell.

2. The photoeurrent in both cells was in the same direction.



3. The spectral sensitivity for both cells was the same.

. The photogenerated currents were independent of the counterelectrode

lli_t_ulicti in _n_ uttiiiul-iayul ceils, and the open-circuit voltages wcrc

dependent on the oxide resistivity in the same way for the two cells.

From this evidence, it was concluded that the Becquerel effect and the barrier layer

photoeffect were fundamentally identical, although, of course, this was true only in

the case of cells in which chemical reactions did not dominate the effects.

Independent work leading to the same conclusions was reported by Mfiller and Spector

(10), the experimental evidence presented also being comparative measurements of

the behavior of the two types of cell.

Further work was reported by Adler (11) in 1940. The interesting point brought out

in this paper is the expressions which were derived for the dependence of the cell

open-circuit voltage (Voc) on illumination intensity (J). The analysis is related to

that performed by Garrison in 1923, but with a starting point in reaction rate

considerations. Again, the logarithmic dependence of Voc on J is deduced for

moderate and high light levels, but, in addition, the linear dependence of Voc on J

at low light levels is derived.

The general expression which was obtained for electrode potential V e as a function

of illumination intensity J was

I /qV :o_) 1eexp-q_ V e exp - 1
k3J k2L _[A_ kT kW / _]

where k2, k3, _ are constants,

[A] is the chemical activity of atoms at the electrode surface,

(1)

q is the electronic charge, and

V o is the dark emf of the cell.

It was shown that in the case where (V e -Vo} > > --

V =C+BlnJ
e

kT

q

(2)

where B and C are constants.
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When q (Ve -Vo) <<

which produce only low voltages under high illumination intensities:

V e = C' + B' J (3)

B' and C' are again constants.

The same analysis was presented in another paper by Fink and Adler (12), and further

discussion of the points raised is given in a letter published in 1941 (13) in reply to

kT, i.e., for low illumination intensities, or for metal electrodes

Two main points are to be

The Becquerel effect was the earliest photoelectric phenomenon to be studied.

The theoretical interpretations offered by the physical chemists were much in

advance of work done by those studying purely physical effects. If these results

had been combined with the electrical equivalent-circuit work done at the same

time, a quantitative understanding of the barrier-layer cells could have been

arrived at much sooner than was actually the case.

criticism, no new material being presented.

This is as far as we shall pursue this subject at this time.

made concel_ing the work which has been reviewed.

(1)

(2)

C.BARRIERPHOTOVOLTAICEFFECT

1. Discoveryand ExperimentalWork

The earliest work on photovoltaic effects at potential barriers was done with

selenium devices, and was reported in 1876, by Adams and Day (14). Both photo-

conductive and photovoltaic effects in selenium were investigated and used for many

years, selenium being the most photosensitive material known until the advent of

p-n junction devices in the 1940's. However, the better reproducibility and stability

of devices based on Cu20, coupled with improved electronic techniques which com-

pensated for their lower sensitivity, partially moved attention away from selenium

after about 1930. The work on copper oxide barrier-layer cells proved to be the

most important contribution both to the application of photovoltaic effects and to an

understanding of the mechanisms of the effects. During this phase of the photovoltaic

work, almost all of the concepts used in the manufacture and performance analysis

of present-day solar cells were developed.

, ._,./¢;,i,,,, Adams and Day (14) studies both photoconductive and photovoltaic effects

in bulk selenium specimens in the form of small rods, with platinum contacts sealed

onto the ends of the rods by heat. r_ne specimens were annealed before use causing

partial crystallization of the selenium, to give low electrical resistivity. The results
showed that:

(1) The apparent resistance of the specimen diminished as the applied

voltage increased.

9



(2) The potential first applied to a specimen could cause an asymmetry in
the electrical conduction for all later measurements, the dire _ ....

initial current having the higher resistanee o

(3) Passage of a current increased the electrical resistance of the specimen

to further currents in the same direction, m_d reduced the reverse

resistance.

(4) On cutting off an extel-nally applied current through a specimen, a small

current in the opposite direction could be generated by the specimen.

These observations are apparently all explicable in terms of barrier effects at the

contacts, together with trapping in the bulko

On examining the effect of light on the specimen, a general increase in conductivity

was observed, except in some cases where a drop or even reversal in specimen

current was obtained. This suggested that the light was generating a potential in the

specimen, a supposition which experiments proved to be correct, the illumination

from a single candle being enough to produce an observable current.

Further experiments, using light filtered through water to remove infrared and in

finely focussed beams, established the following points:

(1) The effect was not thermal.

(2) The sensitivity was different at different parts of the specimen.

(3) When the platinum contacts were illuminated, current passed from

the selenium to the platinum.

The interpretation offered was not that accepted today, but involved photo-activated

crystallization of the selenium. Thus, it is seen that these authors observed all of

the fundamental phenomena which made selenium such an interesting material for

both research and technological purposes in later years.

Commercial application of selenium photoconductor cells to photometry soon followed,

and methods for making more sensitive devices were devised. This work greatly

improved fabrication methods; all of these points are well exemplified in publications

by Fritts in 1883 (15) (16). It seems likely that Fritts saw photovoltaic effects in

his work, but because of his concentration on making a practical photoconducting

device, his work is of little significance for later photovoltaic developments. It does

not even seem to be possible to deduce from his papers the construction methods
adopted for his devices.

10

I

i
I

I
.I

I
l

I
I

I

I
I
I

I

I
I

l
I

I



I
I

I
I

I.

I
I

l

I

I

I
'i

I
l

I
I

I

I

However, a paper by Uljanin (17) in 1888 gave details of a construction method which

was remarkably effective. Here, semi-transparent electrodes of thin metal films were

deposited on two sheets of glass, and the selenium was melted and squeezed out into a

thin layer between the glass sheets. The cell was illuminated through one of the glass

surfaces, and current was drawn from the cell by the two thin-film electrodes. The

arrangement, of course, gave a very sensitive device.

A most interesting paper was published in 1917 by Kennard and Dieterich (18). Results

were presented from a series of experiments in which surface potential changes were

measured. The specimens were both selenium and cuprous oxide. We shall return to

discussion of this paper in greater detail in the section on cuprous oxide photovoltaic

effects; in the present context, it is sufficient to note that the surface potential was

found to increase rapidly with increase of illumination intensity at low light levels,

and progressively less rapidly at higher light levels. A later report by Kennard (19)

presents experimental results on the changes in surface potential of selenium

specimens under illumination by light of various wavelengths. The response was

found to be insensitive to wavelength, and the potential change was found to vary

approximately as the cube root of the illumination intensity.

The importance of selenium photovoltaic devices of the period is put into perspective

by a pL_91ication by Lange in 1931 (20), in which comparisons are made among PbS,

Cu20 back-wall, Cu90 front-wall and selenium cells. The sensitivity of the selenium
cells (0.3 mV lux-l_cm 2) is shownto be more than an order of magnitude higher than

that for even the best Cu20 cells.

The temperature sensitivity of the photocurrent output for the selenium cells was an

order of magnitude less than that for the Cu20 cells, in the region around room

temperature. In spite of the technological importance of the selenium cells, the

physics governing their operation was little understood. This is also made clear in

Lange's paper, where a photoemission theory is advanced. Basically the same

material was presented by Lange in several papers published in 1930 and 1931 (21_

22, 23), the development of front-wall cells of Cu20 being of great interest during

this period. It seems that those working on these Cu20 front-wall cells realized that
the basic idea (of applying a semi-transparent metal film electrode to the illuminated

surface of the cell, using the sputtering technique) was applicable to other semi-

conductors, presumably because of the similarity of the structure to that developed

by Uljanin, but the first paper presenting results on such a selenium cell was by

Bergmann in 1931 (24). The cell construction described consisted of a thin layer of

selenium on an iron substrate, with a semitransparent metal film applied to the

exposed selenium surface. Lead, gold, and silver films were tried as electrode

materials, gold and silver giving the best results. The spectral response of such a

cell is shown in Bergmann's paper, with a peak at 6150 A . The measured

sensitivity was shown to be greater than that of front-wall Cu20 cells by a factor of
3.5, with even greater sensitivity at low temperatures.

]]



Bergmann also published the results of a series of experiments aimed at testing those
theories of the optics of metals which analyze the effect of angle of incidence and
angle of polarization on the absorption and reflection of light from metal surfaces°

This paper (25) shows the experimental results to agree with those of the theo_.w'.

(1) Polarization parallel to the metal surface gives a higher photocurrent than

perpendicular polarization (except at 0 ° and 90 ° angle of incidence).

(2) The photocurrent for parallel polarization peaks around an angle of
incidence of 7a°.

(3) The photocurrent for perpendicular polarization falls off monotonically

with increasing angle of incidence.

Small departures from the theory were ascribed to cell surfaces not being ideally

planar°

A great deal of work on selenium cells into which small amounts (up to 10%) of sulfur

were incorporated was done at the National Physical Laboratory, England, by

Barnard during the 1930's (26, 27). The sulfur facilitated the preparation of the cells,

without apparently altering the performance to any great degree° Various metals

were used as sputtered film counterelectrodes, but the high work-function metals

such as platinum, silver, and gold were found to give best results, platinum

particularly yielding high open-circuit voltage values. In spite of the fact that the

primary function of the research was to provide selenium cells for application to

lighting-method studies in buildings, it was appreciated that obtaining adequate under-

standing of the cells' operation, by correlating theory and experiment, would

ultimately yield improvements in photometry techniques. Consequently, the major

discussion of these papers is to be found in the report section devoted to develop-

ment of photovoltaic theories.

During the period covered, there were other papers on selenium cells, but these were

primarily devoted to theoretical aspects of the subject, and so they also are to be
found in the theory sections of this report.

This account of the history of selenium photocells has presented an account of the

development of the manufacture of the cells. Their importance as photovoltaic cells

is now largely historical, but their very high sensitivity made their use widespread

for photometric applications, and they served their purposes well even when their

properties were only known empirically. There appears to be an interesting analogy

with the present use of selenium in the xerographic process, which is still not fully
understood.
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b. Copper Oxide: Although Grondahl is usually ascribed the honor of having

discovered the photovoltaic effect in cuprous oxide, it is interesting to note that

the effect was seen by Kennard and Dieterich (18) in 1917, ten years before

Grondahl's discovery. Kennard and Dieterich's paper gives results from experi-

ments in which surface potential changes under illumination were measured by

means of the condenser method 2, or by an "ion contact capsule ''3 method. The

experimental arrangement used for measurements on cuprous oxide is illustrated

in Figure 1. It is a little difficult to understand how the readings were taken, but it

appears that two distinct groups of measurements were obtained. In one case, a

potential of 20 mV was measured between contacts 1 and 2 even in the dark, and this

potential was increased by some 7 mV when the whole top surface was illuminated,

but decreased by the same amount if the contact area was shaded. In the other case,

contacts 1 or 2, and 3, were connected to the measuring instruments (a potentiometer,

with a quadrant electrometer as a null detector), and a surface potential change of

+20 to +28 mV under illumination was measured. The first group of measurements

indicates that photovoltages were being observed in an experimental arrangement

essentially the same as that developed later by Grondahl, but it is also clear that the

reported facts leave several questions unanswered, and the authors of the paper also

indicate that they could offer no likely suggestion for explaining the observations.

Probably because of these uncertainties, the work appears to have aroused little or

no interest among those making photosensitive devices.

Hence, Grondahl and Geiger's paper (28), published in 1927, is generally taken as

the first report in which photovoltaic effects in copper-cuprous oxide junctions are

mentioned. (Inthe years immediately following, there appears to have been some

confusion as to who first reported the effect,some authors having ascribed the

discovery to Lange. However, Grondahl's letter (29)drew attentionto his mention

of the effectbefore Lange's publications.)

2 The method was first described by Lord Kelvin, and can be summarized as follows: The specimen forms

one plate of a parallel-plate capacitor, the other plate being a flat metal electrode which can be vibrated at

a known frequency and constant amplitude in a direction normal to the specimen surface. The capacitance

of the arrangement thus oscillates at the driving frequency of the plate, so that a constant electric charge

existing in the capacitor causes an alternating voltage to appear across the capacitor terminals. The charge

in the capacitor is determined by the surface potentials of the two plates of which it is composed. Hence,

if illumination causes a change in the surface potential of one of the electrodes, a change in amplitude of

the ac signal is produced by the apparatus. Absolute surface potentials cannot be measured by the method,

which is applicable only to changes in surface potential. The equipment and its use are subject to many

precautions; see, for example, Many et al. Semiconductor Surfaces, John Wiley and Sons, Inc., New York.

3 Contact to the sm_face of the ,_neeirnpn w_ nrndue._d hy mnllntincr _ pnnn_ =_T" _f_ip _n_:*_ n_ o_e ..........

polonium in an insulating ring such that when the ring was placed on a flatsurface, the uncoated side of the

copper was adjacent to the specimen but not touching it, and the polonium-coated side was uppermost. The

top of the insulator ring was covered with a metal gauze which was connected to the measuring instruments,

and a mica window was sealed over the top of the gauze.

13
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COPPER OXIDE 2

Figure 1. Exl)erimental equipment of Kennard and Dieterich.

Grondahl and Geiger's 1927 article was devoted to an account of the characteristics

and applications of the copper-cuprous oxide rectifiers invented by Grondahl in the

previous year. The rectifiers were made by oxidizing one surface of a copper disk

to produce a cuprous oxide layer 1.5 to 2.0 mils thick. A eountereleetrode was applied

to this oxide layer by pressing a lead disk tightly against it. The story is recounted

by Wilson (30), that the performance of a rectifier assembly was found to alter during

outdoor operation, when a shadow fell on the rectifiers. Investigation of this effect

was the basis for the remark made by Grondahl and Geiger (p. 363) "For use with

very sensitive instruments, the rectifier should be protected against illumination.

Illumination not only changes the resistance, but produces a small emf in the rectifier."

The method of construction employed in these rectifiers limits the photosensitive

area to the edge of the cuprous oxide layer. Hence, it seems remarkable that the

sensitivity for this type of cell, quoted by Grondahl in 1933 (31) as 15 to 20 mA for

2000 lux (equivalent to about 5.1 to 6.8 mA under sunlight illumination), should have

been observed.

A much more suitable form of construction for photosensitive devices was soon

developed, the same general form being arrived at by several workers independently.

The earliest change was to replace the opaque lead contact disk with a special lead

wire presse(I against the oxide with a glass plate. Thus, the cell could now be

illuminated normal to the plane of the oxide rather than around the edge only, and a

larger sensitive area was obtained, llowever, this construction gave a rather high

series resistance.
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Consequently, there were quickly developed alternative methods of applying a

collector grid to the cells. These methods all resulted in a metal film grid being

produced on the oxide surface. This was done either by sputtering a metal such as

copper or gold onto the surface or by chemically reducing a portion of the oxide film

at the exposed surface. The desired grid pattern was then produced by etching out

regions of this film. The sputtered films gave the better results, so that this method

came to predominate.

The photosensitive region of these cells was shown to be localized near the copper-

cuprous oxide interface by Schottky (32) in 1930. (It appears that work on Cu20
photocells had been progressing at Siemens in Germany independently of the work at

Westinghouse in the U.S. under Grondahl. Presumably, both companies realized the

commercial possibilities of the devices, and for this reason delayed publication of

scientific papers until patent rights had been established. Thus, a patent application

on the use of Cu20 grown on acopper base in a photocell was filed by Westinghouse in

1926, before the first reference to the effect in the literature, by Grondahl in 1927.)

To demonstrate that the photocurrent was not being generated at the counter-electrode

to oxide interface, Schottky performed an experiment in which a fine light beam was

moved away from the edge of a gold electrode sputtered onto the surface of an oxide

layer burned on a copper plate. An exponential drop of current with increasing

distance was found, with a decay length of 3.8 mm. This correlated with calculations

of a decay length of 4.2 mm using the equivalent circuit described in the later section

of this report which deals with theory. The experimental results hence confirmed

that the current generation was localized in the barrier layer region. This work by

Schottky, and the relevance of his analysis to present-day work on photodiodes,

has been discussed recently by Emmons (33).

The last section of Schottky's paper describes a most important innovation. Apparently

as a result of the experiments described in the previous part of the paper, it was

discovered that a barrier-contact could be made to the oxide layer by a semitrans-

parent sputtered metal film; see Figure 2. Schottky distinguished the two different

types of cell by the terms "Hinterwandzelle" (back-wall cel}) and "Vorderwandzelle"

(front-wall cell); this terminology came into general use, sometimes appearing in the

abbreviated form of "H-cell" and "V-cell". As is pointed out by'Schottky, the thin-

film counterelectrode is not advantageous electrically, since it produces a high

electrical resistance, but Jt is very effective optically, since the photoelectron

density is higher near the front surface of the Cu20 than near the back surface. The
]-_ln']n /:_]_+_-;_1 _c_c_+_.,_-.. ,,,,'1,2 _.r_l.,,n,._Ir,n_ ]"_.T t]_:_ 11_/:_ t%_ tf'l..'_t_ "_'t'_ T_'Yof_r_f]_ r_ _-1,¢11t_-11-1_

closely resembling the barrier-layer solar cells under investigation today.

Another publication on front-wall cells was made by Duhme and Schottky (34). The

cells reported were made by deposition of gold and silver counterelectrodes on etched

15



COUNTER -

ELECTROOE --F--I

OXIDE

BARRIER

COPPER

//J.,-Jf//////////_'/////////////

.'_\\\\\\\\\\\\\_

Figure 2(a). Cross section of Cu20 back-wall cell.

METAL FILM

ELECTROOE _F-'_ F-]

____[//////////////////]'/////////,2
BARRIER -

OXIDE

COPPER

Figure 2(b). Cross section of Cu20 front-wall cell.

Cu20 plates. These cells were ten times more sensitive and had a reverse resistance

1000 times higher than previous back-wall cells. Calculation from the reported
data indicates that these cells would have a short-circuit current density of about

34 mA cm -2 under 100-mW cm -2 sunlight. The quoted series resistance figure of

700 ohms-cm -2 almost certainly includes the effective resistance of the diode,

since the analyses of the day did not provide a diode characteristic, and since it

was usual to regard the diode as a photoconductive resistor.

Perhaps the most important contribution of Schottky, however, was in elucidating

the mechanism of operation of the cells. Both Schottky and Grondahl independently

made measurements on the voltage drop occurring across the oxide layer (in the

direction of current flow) during operation of a copper-cuprous oxide rectifier.

16

l

I
I
I

I
I
I

I
I

l

I
I
I

I
I

I
I

I
I



I

I
I

I
I

I

i
I

I
I

I

I

I
l

I
I

I
I

I

I

These measurements required careful manipulation of a very fine probe across the

exposed edge of the oxide layer, but both workers came to the same conclusion, that

the major part of the voltage drop occurred in a very narrow region at the oxide-bulk

copper interface. This region was so narrow that the probes could not resolve its

thickness. Since it had been established that bulk cuprous oxide exhibits only ohmic

conduction, this identification of the barrier layer resolved a major unknown in the

operation of the cells. This barrier layer was first identified by Schottky, who

applied the term "Sperrschicht", which was later used by some English-language

authors to identify photocells of the barrier type.

Schottky also correlated his probe measurements with capacitance measurements by

Deutschmann on Cu-Cu20 junctions (35); the capacitance was found to vary with applied

bias voltage, but a satisfactory analysis of this effect was not made at the time.

On the technical level, Schottky also found that it was necessary to activate the Cu20

surface before deposition of the counter-electrode to provide photosensitivity in the

front-wall cells. It was probably fortuitous that a glow discharge was found to per-

form this activation, since this process would also take place during the sputtering

operation.

A large amount of work was also done at this time by Lange. This was largely

directed toward applications, a major effort being made to provide useful photometric

instruments. Lange appears to have been very unfortunate in not being the first to

make any of the major discoveries in this field, since it appears that he independently

observed many of the effects before reading of the work of others (particularly

Grondahl). His subsequent publications mainly review the subject (23, 36) so far

as they deal with the photovoltaic effect. On applications, however, several
interesting suggestions are made. Quoting verbatim from a translation of reference

(23): "Based on our knowledge of the effect, a direct conversion of light into useful

electrical energy is possible. However, atl the experiments conducted up to now

have resulted in little progress toward realization of such a conversion ...... Using

a more appropriate semiconductor for the intermediate layer, it will be possible

to select the cell effectiveness for a specific spectral region ...... Use of a more

appropriate unipolar layer is expected to give a further increase in the efficiency of

the cell. It is then possible that ef[icieneies can be reached which allow direct

conversion of light into electrical energy."

His remarks concerning matching of the semiconductor to the spectral distribution

of the source are highly pertinent to present-day solar cell research, even though

Simple experiments on electrical characteristics of Cu20 rectifier cells were reported

by Graffunder (37). The results eliminated the possibility of the effects seen being

17



thermoelectric. For Graffunder, the main surprise was the direction of current
generation. The consistency of the direction was carefully checkedexperimentally,
both for Siemensrectifiers and for American-manufactured devices (presumably
Westinghouseunits). The generated current was always found to be in the high-
resistance direction through the rectifier, a point which had been explained by Schottky,
and which will be taken up later in this report. An experimental I-V curve for a
rectifier is shownin the publication; the curve shapeis good. The effect of bias
voltage on the external current of the device under illumination was also investigated,
but the results apparently did not showthis I-V curve to be correlated with the
unilluminated curve, probably becauseof series resistance and photoconductive
effects.

A major contribution to experimental knowledgeof back-wall Cu20 cells was made
by von Auwers andKerschbaum (38). Theseworkers were mainly concernedwith
arriving at an electrical equivalent circuit for thecells, and at elucidating the physi-
cal mechanisms underlying their operation. Their theoretical analysis will be
dealt with elsewhere; experimental results were presented graphically showing the
relationships betweencell voltage, current, apparent resistance, illumination
intensity, distance of illuminated region from counter-electrode edge, thickness of
oxide layer, and proportion of cell illuminated. Many graphs were plotted on both
linear and logarithmic scales, and someof the relationships were measured using
filtered illumination to provide light of different wavelengths. It was established
conclusively that the short-circuit current was linearly related to light intensity,
but this is really the only significant numerical result given. It seems that once
again internal resistance and perhaps photoconductivity in the oxide prevented the
exponential variation of Voc with illumination intensity from being discovered.

Another conclusion drawn from the experiments was that the open-circuit voltage
was not linearly related to illumination intensity. Perucca and Deaglio (39) reported
experiments indicating that both Voc and Isc were related linearly to illumination
intensity. The oth,_rresults in their paper show that the specimen resistance was
very high, thus leading to an almost linear I-V characteristic. This same point
was also noted by von Auwers and Kerschbaum in a reply to Perucca and Deaglio
(40); working from present-day concepts of the cell equivalent circuit, the reason
for the discrepancy in observations is clear.

Kerschbaum published some results obtained during an attempt to separate the
photovoltaic effects from photoconductivity in the specimen (41). The method re-
lied on the two effects having different time constants, the specimen being illuminated
by a choppedlight beam. A graph is given showing photovoltage as a function of
illumination chopper frequency at various values of applied bias voltage. The re-
sults were inconclusive, and this measurement approach was apparently not in-
vestigated further.
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The first of a series of measurements of the dependence of photoelectric properties

on temperature between 300 ° and 170°K were made by Teichmann in 1930 (42), and

the temperature range of these measurements was extended to 120 °K as described in

later publications {43,44). The specimens used were back-wall cells made from

commercially available rectifier plates. The cell resistance and open-circuit
voltage were found to increase between about 200 ° and 170 °K. The short-circuit

current was also found to increase to a maximum between about 190 ° and 130 °K, but

then showed a very sharp drop and a small reverse current at lower temperatures.

It seems probable that some of the effects seen were thermoelectric in nature,

since the construction of the equipment appears to be such that appreciable temper-
ature gradients could be present in the cell.

Lange, noting Teichmann's work, repeated the measurements on temperature effects,

and reported results obtained with both front- and back-wallCu2Ocells , and selenium

barrier-layer cells (21). For the back-wall cell, the same general behavior of the

photocurrent as seen by Teichmann was observed. However, the photocurrent was

found to peak at a rather higher temperature (about 200 °K), and the decrease at lower

temperatures was not as sharp and did not reverse. Lange explained the latter

difference as arising from the construction of Teichmann's specimens, which would

permit some front-wall effect to occur. The photovoltage was found to increase

almost exponentially with drop in temperature down to about 150°K.

The cell resistance was also found to increase rapidly with lowering of cell temper-

ature. Lange expected an exponential dependence of free electron concentration

on temperature because of a model which would not generally be accepted today,

but which assumed Maxwell-Boltzmann statistics. As a consequence, the logarithmic

dependence of cell resistance on reciprocal temperature which was obtained experi-

mentally agreed with the theory. However, the results showed two linear regions of

dependence, with a breakpoint at about 200 °K; this behavior was ascribed to a phase

transition in the cuprous oxide, rather than a change of activation energy. (In these

back-wall cells, the bulk resistance of the cuprous oxide was high and tended to

dominate the effective resistar_ce of the diode.)

For the front-wall cells, the same rapid increase in photo-emf with decreasing tem-

perature was observed. However, the short-circuit current decreased monotonically

with drop in temperature, rather than exhibiting a peak, and Lange ascribes the

difference between the cells' behavior to the lower bulk resistance of the Cu20 in the

front-wall cells.

This paper by Lange also contains results of spectral response measurements on

front- and back-wa_l cells. Further results were published by the same author (22).

For the back-wall cells the response was found to depend on the oxide film thickness
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which acted as a red filter,giving a peak at 0.63 micron and a cut-off at 1.4 micron.

Front-wall cells were found to peak at a shorter wavelength, 0.54 micron, and to be

more efficient. This spectral response for the front-wall cells was found to coincide

with thatfor the photoconductive response, with a peak in the region of the highest

optical absorption.

For Lange, the main importance of the results was their significance in photometric

work, and PbS and Se cells are included as well as Cu20 cells. Similar results were

presented in the same year by other groups, for whom the main interest lay in eluci-

dating the scientificaspects of the cells.

Schottky (45) presents results attributed to Waibel, who measured the spectral response

of Cu20 cells. These results were particularly valuable because they showed absolute

quantum yield, i.e., number of electrons crossing the barrier per photon absorbed

in the Cu20 (allowance was made for loss of photons in passing through the metal

film counterelectrode). These data were correlated with optical absorption measure-

ments made on Cu20, and Schottky deduced from these that the diffusion length for

photo-produced electrons could be much larger than the mean free path. He remarks

that he felt that the barrier photovoltaic effect may be largely governed by the diffusion

process. Auger and Lapicque (46) reported spectral response measurements on Cu20
front-wall cells, showing results obtained with both silver and gold counterelectrode

films produced by sputtering. They also measured the optical transmission of films

of these metals sputtered onto glass, and, hence, could calculate the spectral response

of the cells relative to the amount of light entering the oxide. The results showed the

response to be independent of counterelectrode material.

Dubar (47) took up a point suggested by Auger and Lapicque, and measured the re-

sponse of a back-wall cell, showing that the response occurred only for illumination

wavelengths longer than the absorption edge of the oxide layer. The response peaked

very close to the absorption edge around 6000 ._ but showed a considerable response

even at 12,000/_.

In 1931, Duhme (48) considered the experimental results obt_ned with Cu20 front-

wall, back-wall, and Becquerel cells, and showed that all the cells worked in

fundamentally the same way; i.e., all exhibited the barrier-layer photoeffect. Also

in 1931, Lange (20) reviewed the history of the development of Cu20 cells, and pro-

posed various photometric arrangements for which the new cells would be suited.

In 1932, Waibel and Schottky published two related papers (49, 50), which report re-

sults correlating rectification ratios and photovoltaic output. The ion bombardment

method of activation of the Cu20 surface prior to deposition of the barrier-layer

electrode, combined with a chemical etching technique, enabled these workers to

make cells with characteristics varying from ohmic conduction to rectification ratios

of 20:1 at 2 volts bias. These specimens showed that the more highly rectifying
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cells gave much higher photosensitivity. One interesting fact was reported in the

latter reference: Some highly rectifying cells, under high bias conditions, showed

quantum efficiencies 100 to 1000 times larger than in the usual photovoltaic operation.

These quantum efficiencies must have been much higher than unity, and are pre-

sumably due to photoconductive gain.

The difference in conductivity between cuprous oxide prepared for rectifiers and that

as used in front-wall photocells has already been noted. The reasons for this dif-

ference were investigated by Dubar (51). Chemical analysis, transmission micro-

graphy, x-ray powder diffraction, examination of electrolytically deposited films on

the oxide surface, and electrical resistance measurements on individual crystallites
and on compressed powders were all used. From these measurements it was con-

cluded that the two different types of oxide have the same chemical composition and

the same crystal structure within the measurement accuracy. It was also observed

that the electrolytic deposits followed the crystallite grain boundaries preferentially,

indicating that these are electrically conducting regions.

Rupp also investigated the conduction process in the copper oxide of operating photo-

cells (52). The short-circuit currents in the cells under steady illumination were

measured as a function of the direction and intensity of an applied magnetic field.

Variations were found across the surface of an individual cell, and from one cell to

another, but the results showed that the decrease in current and increase in the cell's

apparent resistance were generally maximum for a field direction parallel to the

plane of the cell, and minimum for a field direction perpendicular to the cell plane.

A change in the free path of electrons under the magnetic field influence is noted as an

explanation of the effect.

Very similar work to that being done elsewhere was also in progress at the Soviet

Union's Central Research Laboratories. Results were presented in the first issue of

Physikalische Zeitschrift der Sowjet Union, in 1932, partly as abstracts of con-

ference papers (53, 54) and partly as full papers (55, 56).

Lepeschinskaja (53) described methods used for the manufacture of cells, and there

is no indication that these differed in any way from those made elsewhere. Measure-

ments were made on the I-V characteristics, and the dependence of Isc and Voc on

illumination intensity. Once again a linear dependence of Isc on illumination intensity
was found.

A rather more ambitious series of experiments was reported by Kurtschatow et al.

(55, 56). Systematic spectral response measurements of both photocurrent and photo-

the top electrode was studied as were the contributions of the front-wall and back-wall

effects, and the effect of temperature. A spectral response peak at 0.55 micron is

associated with the front-wall effect, and a peak at about 1.0 micron with the
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l.n_l .......II _ff_+ _r,_*'_Infi_n hofwoon photovoltaic nnd photoconductive response

was seen. (The results are closely parallel to the other spectral response measure-

ments described above.) The second paper deals mainly with advancing and testing

a hypothesis of celloperation, and willbe dealt with in the theory section of this

report.

Sinelnikow and Walther (54) described an apparatus for the automatic recording of

the spectral distribution of photocell sensitivity, using a monochromator syn-
chronized with a recording galvanometer. Methods for the automatic recording of

An extensive historical account and review of Cu20 rectifiers and photocells was

given by Grondahl in 1933 (57), together with an extensive bibliography. Essentially

no new experimental results are presented. Indeed, the period of experimental

work was now mainly over, the characteristics of the effecthaving largely been

determined.

The published literature which has been reviewed does not give a clear description
of the fabrication methods used for the cuprous oxide devices, probably because of

commercial competition. However, some of the more academic workers such as

Fink (58) discuss fabrication methods, and there is no reason to think that the

industry used noticeably different techniques. The copper plates were surface

cleaned, and then heated in an electric furnace to a little over 1000°C, to form

the oxide layer. The period of heating and the furnace temperature were critical,

since cupric oxide is formed below 1040 ° C, and copper melts at 1083°C. Between

these temperatures, cuprous oxide is formed as a glassy layer on the metal. After

four minutes in the furnace,the copper plate was lowered quickly into a water bath.

Sheets of 6 in. x 10 in. were processed in this way by Fink; Schottky mentions the

use ofplates 40 crux 60cm ( _ 16 in. x 24 in.) in Reference (32), but this is probably

a misprint, shlce in Reference (59) the specimen size is given as 40 mm x 60 mm.

Although such large sheets could be produced, the application of cuprous oxide to

present-day solar energy conversion does not appear feasible, because of the low

efficiencieswhich can be obtained with this material, as was shown by theoretical

analyses during the 1950s. An essential part of the structure of the cuprous oxide

rectifierm_d photocell is the presence of a region of high-resistivity oxide at the

metal-oxide barrier. This material is stoichiometric cuprous oxide, whereas the

bulk of the oxide layer contains a very small excess of oxygen, which increases the

carrier concentration, and hence the conductivity, by several orders of magnitude.

The effectof thisparticular structure is to produce a "Mort barrier, " as discussed in

the theory section of this report.

Fink and Fogle published a very lengthy paper in 1934 (58), presenting no fundamen-

tally new data. However, the paper appears to be historic in one respect: It contains

the first mention of the use of an antirefleetion coating. The effect was discovered
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by accident, when it was found that application of beeswax to a cell, for masking

during chemical etching, increased the cell output current. The possibilities of the

effect were fully explored, with analyses of the effect of various coatings on various

types of cell. (These coatings were not of the modern quarter-wavelength interference

type. )

This concludes the history of the experimental work on cuprous oxide cells. Quite

aside from the technological importance of the cells, the cells are important histori-

cally because it was largely on the experimental data from these cells and the recti-

fiers from which they were developed that the modern theory of semiconductors was

first based. This mainly seems to have been because the effects seen with cuprous

oxide could be more readily reproduced than with any of the large number of other

materials in which photoelectric effects were seen. It was presumably because of

the strong applications-oriented groups working in Germany under Lange and Schottky,

and in the U° S. under Grondahl, that empirical knowledge of the effects ran consider-

ably ahead of the theory for some years. It is for this reason that the experimental

work has been presented first in this historical review.

c. Other Materials: From the time of the earliest work on selenium during the latter

part of the 19th century, photoelectric effects were seen in a wide variety of semi-

conducting materials. However, because of a general lack of reproducibility, these

observations did not contribute appreciably to the knowledge of photovoltaic effects

which was being built up by the study of selenium, and later of Cu20. Since the ma-

terials under consideration were compounds, and the specimens were often naturally

occurring minerals, the reasons for a lack of reproducibility are not hard to under-
stand. Some of the materials which were studied have received further attention

rather recently in pick-up tube research and IR detector development, and even today

it is very difficult to obtain reproducible results with these compounds.

Of the various materials studied, Ag2S gave the most consistent results. Photo-

voltages at metal contacts to crystals of the naturally occurring mineral argentite

(Ag2S } were measured by Geiger et al. (60, 61} in the early 1920's. The contacts
were pressed knife-edges, and the results were found to be independent of the metal

used. The generated emf reversed on moving the illumination to the other contact.

Experiments showed an increase in photo-emf with intensity of illumination, which

was linear at low intensities and reached a saturation value of 0. 013 V at higher in-

tensities. Using a monochromator with a thermopile for power measurements, the

spectral dependence of the emf was measured and found to peak sharply around
1.0 micron.

The emf was also found to "fatigue" after extended illumination periods, falling to

very low output values and sometimes even reversing. This effect may arise partly

from trapping, or may be due to field-assisted diffusion of electrically active

impurities. Effects such as this are frequently seen during present-day work on the

less-well-known compound semiconductors used for sensing devices.
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Geiger also foundphotovoltagesto be exhibited by proustite (Ag3 ASS3), molyB_lenite
(MoS2), stephanite (Ag5 SbS4), and acanthite (Ag2S);all with knife-edge contacts.
This list gives some idea of the type and range of compoundswhich were investigated
during this period. Significantly, Geiger also found that some (but not all) cuprite
crystals (Cu20) exhibited photovoltages, under the same experimental conditions.
The difference betweenthis observation, with its uncertainties and nonreproducibility,
and the work donelater by Geiger and Grondahl, well exemplifies the great advantage
which was inherent in the specimen preparation techniques devised by the Cu-Cu20
rectifier work.

After the developmentof the work on Cu20 cells, Lange (20, 23) realized that effects
which he had seenat metal point-contacts to PbScrystals were of the same nature as
those seen in the barrier-layer cells°

Research on a remarkably large number of minerals and compoundswas reported in
1936by Bergm_nn et _l. (62). The measurements of spectral sensitivi_ were per-
formed using methodsdevelopedby Bergmann (63), in which a choppedlight beam
was used to generate anac photovoltage, which was taken from semitransparent
metal film electrodes on the crystal to the input of an electronic amplification and
measurement system. A full tabulation ::: the 37 compoundsin which photovoltages
were measured is unnecessary in this context, but some are worth)zof special mention.
The spectral responseof CdSis shown,with a peak at about 4800A and a long tail

• into the red, rather similar '= the res_,onsemeasured in CdSsolar cells today. The
spectral responsesof a series of alloys of varying composition in the BiI 3" PbI2 sys-
tem show a graded response through the range 4500 to 6500 A, the relative responses

at the ends of the curve being proportional to the composition of the alloy. This result

is the direct precursor to present-day work aimed at producing materials with

forbidden-band values which can be adjusted by changing an alloy composition. How-

ever, it seems that for some of Bergmann's results, there is the possibility that the

specimens were not of the compositions noted, but were of varying stoichiometry and

not of a single phase. Another interesting point in this work is Bergmann's mention of

photovoltaic activity in organic dyestuffs. Unfortunately, the response obtained was very

small, so that spectral measurements could not be made. However, this appears to be

the earliest mention of semiconducting effects in organic materials.

This account covers the major points which were established experimentally before

1940. Because these compounds have contributed little to the development of the sub-

ject, no attempt has been made to treat the matter exhaustively.

d Su,nmar_ of Ext_,_ri,nental Results: Before going on to an account of the develop-

ment of the theory of the photovoltaic effect, it will perhaps be helpful if a summary

is given of the major points established experimentally prior to 1934.

(1) Potential differences of up to a few tenths of one volt can be obtained by

illumination of a metal-to-subconductor 4 botmdalny.

4Semiconductors were recognized during early work by their negative temperature

coefficient of resistivity.
24
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(2) The effects seen, and particularly the magnitude of the photo-emf, were

sensitive functions of the methods used to prepare the specimen.

(3) The effects were usually associated with a nonlinear, and sometimes with

a rectifying, type of I-V characteristic.

(4) The short-circuit current was proportional to the light intensity.

(5) At low light intensities, the open-circuit voltage was proportional to light
intensity.

(6) At medium light intensities the open-circuit voltage was known to be a

logarithmic function of illumination in Becquerel cells, but an unknown

and nonlinear function of light intensity in solid barrier layer cells.

(7) At high light intensities, the open-circuit voltage approached a saturation
value.

(8) The normalized spectral response of any given cell type was much more

consistent than the absolute response of the cell, and was characteristic

of the semiconductor of which the cell was made.

(9) The potential drop in the rectifying effect occurred in a region of sub-

microscopic thickness at the metal-to-semiconductor boundary.

2. Barrier-layerPhotoeffect:Developmentof the Theory

a Introduction: It is useful to divide the theory of operation of photocells into two

parts, one part dealing with the fundamental physical processes involved, and the

other dealing with the electrical network analysis theory which provides the elec-

trical equivalent circuit for the cell. Most of the work done on photocells before

about 1920 was by physicists and so it is natural that theoretical work from this

period should be mainly concerned with physical fundamentals. However, without

the electrical circuit analysis, theorizing was extremely difficult, and the results

from this very early period bear little relationship to our present concepts of cell

operation.

The subsequent work on Cu20 cells was performed mainly by electrical engineers

(Grondahl, Schottky, and Lange, among others), and one of the major achievements

during this phase was the development of valid equivalent circuits for the cells.
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In fact, our present ideas in this area are based almost entirely on circuits developed

during the 1920's and l._a, A_+_ ÷_.__,,_o_+_ _ ,_......... ,_ +,_ ..,..._i_

fundamentals work was much more likelyto be successful, since effects at the cell

terminals could be analyzed in terms of changes in the , _ _iph:_s.e_.,operation of the

electrical circuitelements.

Unfortunately, the Cu20 cells, which provided most of the experimental evidence
during this period, are metal-semiconductor barrier-layer cells. The physical

operation of these barriers is much more difficult to analyze than that of p-n

junctions, because of the effects of energy levels near the center of the forbidden

band gap which are localized at the metal-semiconductor junction. Even today, the

operation of such barriers is not wholly understood, especially where the semi-

conductor is polycrystaiiine, as was the case in all of the early photocell work.

Consequently, the development of really satisfactory physical concepts had to await

the p-n junction work of the 1940's which will be dealt with later in this review.

However, toward the end of the 1930's a theoretical foundation had been laid which

was adequate to provide equations for the I-V characteristics of the cells. The

history of the development of the electrical equivalent circuit, and of the electrical

barrier theories of Schottky, Frenkel and Joffe, and Mott, is the major emphasis in

the following sections of this report.

I
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_. Eql;i_ale,_t Circuit Development: The first attempt at an electrical engineer-

ing analysis of Cu20 cell operation appears to have been done by workers

of the Siemens laboratories in Germany; this first analysis was in all essentials

the one accepted today. Schottky (32, 59) showed in 1930 that the major part of the

potential drop in both rectifiers and photocells occurred at the junction between

the metal and the cuprous oxide. Reasoning from this, it was concluded that only

those light-generated electrons which crossed this barrier would contribute to the

external current of the cell. In Reference (59) this idea was developed to provide a

picture of the motion of electrons in the cell structure EFigure 3(a)7 providing also a cell

equivalent circuit FFigure 3(b)_. Hence, Schottky says (in translation): "If one works

without any bias, none of the photoelectrons can contribute to the photocurrent if they

are generated within one of the media and are reabsorbed there; this is attributable

to reasons of symmetry. However, for photoelectrons which penetrate the boundary

layer between the two media, it [the external current J depends on the number of

electrons generated in one or the other media, and whether they cross the boundary

layer and whether they go into an area with a large, small or zero resistance. If

there is no resistance at the boundary, the smallest counter-voltage across the boundary

will be enough to counteract this primary current." The equivalent circuit shown by

Schottky is completely valid by present-day theories, the nonlinear resistances being

shown as diodes in more recent work. The circuit was of the distributed type, as

would be necessary to model the Cu20 back-wall cells of the day, with their rather

high oxide resistance. The active element was a current generator with an output

proportional to the illumination intensity, which was one of the first points to be

experimentally established about these cells.
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Figure 3(a)o Electron flow paths in Cu20 back-wall cell, after Schottky

Figure 3(b). Equivalent circuit of Cu20 cell, after Schottky

Later in the same year (1930), yon Auwers and Kerschbaum, also of Siemens,

published a particularly complete analysis (38) based on the same ideas as those

of Schottky, described above. It was, in particular, shown that the cell was best

modelled by a current generator rather than by a voltage generator. The idea that

part of the light-generated current which crossed the barrier initially could re-cross

it when a bias existed on the barrier due to either external or internal resistances

opposing the primary current, was also brought out. The model also provided, at low

illumination intensities, an open-circuit voltage proportional to light intensity, as had

been established experimentally.

The principal difficulties with the equivalent circuits developed as described above

were the values to be assigned to the resistor which is today regarded as a diode, and

to that forming the cell series resistance. The diode resistance was certainly known

to be nonlinear, but the exact form of the dependence of the resistance on current or

voltage was not known. Hence, the form of the dependence of Voc on light intensity at
medium and high illumination intensities was not known. The series resistances of

the cell were also not known, since in most of the cells made, this resistance arose

in the cuprous oxide, which was photoconductive (i.e., exhibited the "inner photoelectric

effect" in the terminology of fine day).

These difficulties persisted for some years; thus, in 1931 Audubert and Roulleau(64)

stated that "in Cu20, the photovoltage is proportional to the square root of the illumina-

tion intensity...", and Bartlett (65) had to assume a wholly empirical power law for
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the variation of photovoltage with illumination intensity. An example of the effect of

photoconduction in the cell series resistance is well illustrated by the curves of Figure

4, taken from Reference (66). The curves are for a selenium cell; unfortunately,

this method of presenting data was not in general use at the time, and similar curves for

Cu20 cells have not been found. However, statements that the photoconductive effect
was seen in photovoltaic cells are to be found. The fact that the illuminated and unillu-

minated I-V characteristics cross can only be explained by a drop in series resistance

for the illuminated cell.

The major success of the equivalent circuit developed by the Siemens workers was

that it applied perfectly well to the front-wall Cu20 ceil as it did to the back-waii cell,

which was a necessity if it were to be accepted as valid. Thus, the photons absorbed

in the oxide caused a current to be generated which passed from oxide to parent-

copper for the back-wall cells, and from oyAde to counter-electrode for the fro_nt-wall cells.

The rectifying effect and direction of photovoltage were experimentally found to be

reversed in the two cells, and this reversal is necessary from the equivalent circuit.

I
I

!
l
I

A further analysis based on the same equivalent circuit was performed by Korosy and

Selenyi (66}. The main obJ ective of this work was the elucidation of physical principles

of operation, but to do this they actually constructed a cell equivalent circuit using a

vacuum photocell (i.eo, a photocathode device) as the current generator, and a selenium

barrier rectifier as the diode: the arrangement is shown in Figure 5. The details of

this work are discussed below, but it is interesting to note that the characteristics of

the equivalent-circuit model matched those of an actual selenium barrier-layer cell

qualitatively, though not quantitatively.
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Figure 4. Current-voltage curves of selenium cell, showing the

effect of photoconduction, after Korosy and Selenyi
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Figure 5. Experimental equivalent circuit of selenium cell,

after Korosy and Selenyi

The equivalent circuits produced by this work were applicable to calculations on

the matching of the cell to its load, as well as to physical model analysis. Power-

transfer calculations were performed by Wilson (30) and by Bartlett (65), but the
primary interest of these analyses was in maximizing the change of Dower transfer

under change of illumination, which is the converse of the requirements for solar

cell operation. These calculations were also restricted in their validity to the

particular devices considered, since the nonlinear resistor {diode) characteristic was

of empirical form.

Except for changes in the physical interpretation of the elements in the equivalent

circuits evolved by the Siemens group, the same circuits are in use today for solar

cell calculations, and this topic need not be pursued further.

c. Physical Principles of the Fundamental Processes: By the time theoretical work

on the photovoltaic effect had got under way, it was established that conduction of

electricity in metals (and, it was thought, semiconductors) was by electron motion.

Also, work on photoconductive effects made it clear that the absorption of light in

photoconductors produced electrons which were free to contribute to conduction in

the solid. The other important point which had been well established was the photo-

emission effect, and low work-function cathodes had been developed and were in use

in photodetectors. The Einstein equation was known to be a valid interpretation,
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giving maximum energypossessedby an electron on emission from a surface with
work-function W by absorption of a quantumof frequency u :

E = hv-W (4)
max

and an emitted current proportional to light intensity. Putting Ema x = 0 gave a thresh-

old for photoemission, photons with energy less than W not causing any current.

A very early theory concerning the photovoltaic effect was that the pressure of

photons on the electrons caused the voltage; however, calculation showed that the

effect would be much too small to give rise to the voltages observed experimentally.

Following the demonstration by Schottky that a high-resistance barrier existed
between the metal and the semiconductor in rectifiers and photocells, many related

theories of operation of the photocell were evolved. The similarity between the

photoemissive cells and the photovoltaic cells led to a theory of operation in which

the photon energy, absorbed by the electron, was used to allow the electron to pass
over the barrier between semiconductor and metal [ Schottky, 1930, (32) ]. This

theory of operation covered both front- and back-wall cells, and sucessfully ex-

plained the differences in spectral response and sensitivity. In the back-wall cell,

the light arriving at the barrier region had passed through the oxide layer, and thus

the high-energy photons were absorbed before reaching the barrier, and did not

contribute as much to the cell output as lower-energy photons, which were not so

highly absorbed. However, for still lower energies of photons, insufficient energy

was imparted to an electron by absorption of the quantum, to allow it to pass over

the potential barrier. Thus, the spectral response curve should peak at energies

near the optical absorption edge of cuprous oxide, as was found experimentally.

In the case of the front-wall cells, however, all photons having energies greater than

the minimum necessary to allow the electrons to cross the barrier layer should

contribute to cell output, and the spectral response should be a maximum in the

energy range where the photons are absorbed near the front surface of the cell,

i.e., in the high optical absorption region of cuprous oxide. This was verified

experimentally by the work of Auger and Lapicque (46) and Dubar (47), whose

experimental results taken together showed most elegantly the correctness of

Schottky's theory.

This theory also explained an experimental point which caused considerable con-

fusion when the cuprous oxide cells were first examined. Many workers assumed

that the electrons would be emitted from the metal into the oxide, thus passing

through the barrier layer in the easy direction of current flow. Several workers

expressed surprise at the direction of the current, and so firmly held was this

belief that Lange assumed that the back-wall cells operated by photoemission of

electrons from the counter-electrode into the oxide.
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Schottky's account of the processes occurring in the front- and back-wall cells also

explained a phenomenon sometimes observed experimentally. This was a reversal

of voltage output for the cells on changing the illumination wavelength. Thus, on

illuminating a front-wall cell with light of wavelength near the value at which the

back-wall cell response peaked, a potential in a direction corresponding to that for

the backwall operation would be seen provided the oxide was thin enough to allow this
potential to dominate.

It also is clear from this analysis that a continuous gradation in Voc could be observed

as the illumination wavelength varied, but that the effect would be also governed

by the details of cell construction. This may be the explanation for some effects

observed in experiments which were performed by various workers to detect spectral

dependence of Voc. Lange (21) and Korosy and Selenyi (67) expected such a varia-

tion by reasoning from the photoemissive effect (Hallwach's effect). It was assumed

that the cell voltage was caused by the kinetic energy possessed by the electrons in

excess of that needed to pass through the barrier layer, i. e., the open-circuit

voltage of a cell illuminated by monochromatic light of energy (h v), with a barrier

height of W, would be given by:

v _ (hv- W)
oc q (5)

Perucca and Deaglio (68) went one step further, and proposed that the operation of

the cells was by a true vacuum emission process, rather than the analogous solid-

state process proposed by Lange.

So firmly held was this belief in spectral dependence of Voc that when the experi-

ments were inconclusive or negative, reasons for the discrepancy were carefully

sought. It is interesting to note that Schottky appears not to have expected this

dependence of Voc on photon energy to occur; there is no reference to such an

assumption in his published papers, nor did he perform experiments searching for
the effect.

Schottky's theory of cell operation was based on the rectifier characteristic. His

discussion of the characteristic involved the contact potential difference between

the metal and the semiconductor, and when Waibel and Schottky discovered, in

1932 (49) that the rectifier characteristic was dependent on the temperature at

which the metal was deposited on the Cu20 toform the barrier, the authors con-

cluded that the contact potential theory was insufficient to account for the rectify-

ing characteristic. Although the fact that the surface required special prepara-

tion before barrier formation had been appreciated from the start of work on

Cu_O rectifiers.ith_dh_n _,,_d i-hoi- _-h.... _,,-,__ . ........................ _ ........ was one of clea_iliness, as

with measurements of contact potential differences using the vibrating-condenser

method. However, the new results indicated that something more than cleanliness

was involved, and this is perhaps the first time that it was realized that surface

states, as they are now called, also have an influence on electrical properties.
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Kta-tschatow et al. (55, 56) discussed the theory of operation of the cells advanced

by Schottky. Their spectral response measurements confirmed his basic ideas

concerning the front- and back-wall Cu2 O cells, but they proposed a small but

important difference from the Schottky theory. Schottky considered that only those

carriers generated by absorption of light in the region of the barrier layer would

contribute to external current. Kurtschatow et al. proposed that the carrier

generation by light occurred in the same way in both photoconductive and photo-

voltaic effects in Cu2Oo This implied a bulk generation of carriers in the semi-

conductor, which is closer to our present view of cell operation. However, the

Soviet workers p_'oposed *_ _* *_ "_+ ..... _ n_t _n] V _n_r_v nl_ve a certain

threshold value to cause carrier generation, but that in the photovoltaic effect, another

increment of energy is necessary to allow the generated carriers to cross the

barrier layer. Hence, there should be a difference between the wavelength thresh-

old for photoconduction and that for the photovoltaic effect. To avoid difficulties

with front- and back-wall effects in Cu20 cells, the authors used selenium cells to

demonstrate the threshold difference, and they reported finding such an effect.

Such an effect would not receive the same explanation today, of course; it may have

arisen experimentally because of the particular methods of cell construction that

were adopted. The idea of bulk generation of carriers was supported by the ex-

periments of Rupp (52), discussed above, who argued that if the only carrier motion

occurred within the barrier region, the effect would have been much smaller than

that found because the extremely high fields shown to exist in that region by Schottky

would dominate carrier motion and the magnetic field would have had a very small effect.

It appears that

been modified,

to penetrate to

Schottky's conception of events taking place in the cell had meanwhile

since in 1932 (69) he remarked on the ability of the generated carriers

the barrier from their place of generation within the semiconductor

bulk. In other words, it was clearly appreciated that the diffusion length of the
carriers could be orders of magnitude larger than their mean free path. His reported

measured quantmn efficiency of 25 to 50% also supported the concept of one carrier

being generated by each photon.

At this stage of development, an acceptable qualitative picture of cell operation had been

built up, but because of a lack of a satisfactory analysis of the forward characteristic

of the rectifier effect, a valid quantitative concept of cell operation was still lacking.

An attempt to overcome this deficiency was made by Frenkel and Joffe'. Their series

of publications started in 1930 with a rectifier analysis (70), but the first considera-

tion of the photovoltaic effect appeared in 1932 (71, 72). The model analyzed was

based on the work of Schottky, with a narrow barrier separating regions of differing

electron concentration. The motion of electrons through the barrier was analyzed

by means of wave mechanics, the width of the barrier being small enough to permit

'tunneling' of electrons through the potential hill, rather than requiring them to

have sufficient energy to pass over the top. For the photoelectric case, a metal-

semiconductor contact was considered, with a high density of free electrons in
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the metal and a comparatively low density of free electrons in the semiconductor.

The free electron density (n) in the semiconductor was taken to be:

E
n = N exp ( kT ) (6)

with _ about 0.3 eV and N between 6 x 1017 and 2.5 x 1019 cm -3. Initial analyses

were valid only for n<<N, i.e., for values of applied bias small compared with

(kT). In Reference (72), a more exact analysis was performed for larger bias values,
and the results obtained were

where J = current density,

V = applied bias, and

q = electronic charge.

An expression for Jo was derived from assumptions which are not accepted today,

and the analysis relating to Jo was further complicated by an attempt to include the

experimental fact that the reverse characteristic of rectifiers did not saturate at

Jo, but showed leakage and breakdown effects. In accounting for the nonsaturation

in reverse current, an equation was derived of the form:

with fi -_ 1.5.

(8)

This was based on a voltage-dependence of 'the transparency coefficient' for the

junction_ whereas Eq. (7} was derived assuming this coefficient to be independent

of bias voltage.

However, the expression obtained for Jo did show a rapid variation with temperature_
which explained the observed fact that rectification disappears at high temperatures.

However, the main importance of the work lay in the derivation of Eq. (7). Here

was the needed forward characteristic of the rectifier, which allowed the open-

circuit voltage expression to be derived:

[ [ Vow.\ ]

aL Jo Le:_kk-_=-]-:,.j
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For the case of low values of Voc this reduced to

kT
Voc - J x JL (10)

O

where JL = light-generated current.

Another topic analyzed by Frenkel and Joff_ was the threshold wavelengths for

photoconductivity and the photovoltaic effect, but this work is based on premises

which are not now regarded as valid, mainly because the experimental effects which

the authors attempted to analyze would now not be regarded as fundamental.

The above analysis is based on a fundamentally incorrect model, as was shown later

by various workers. However, the exponential dependence of V on illumination

intensity, arisir_ from the use of Maxwcllian statistics, is a fundamental point which

is correct, and which forms a part of later theories.

Also in 1932_ Teichmann published a paper (73) in which a novel explanation was

offered for the rectifier effect. By analogy with the laws of gas dynamics, a "field

funnel" was postulated to act on the electrons passing through the barrier.

The geometry of the concept is illustrated in Figure (6). The divergent electric field

was thought to arise from the juxtaposition of two crystal lattices (copper and Cu20)

with different unit cell dimensions. The concept was not widely accepted, and was

ultimately shown to be invalid by Fink and Adler in 1940 (12).

Yet another theory concerning the structure of the metal-Cu20 interface was pro-
pounded by Lange in 1933 (74). It was well known that the surface treatment of the

Cu20 was critical for the successful operation of the cells, an "activation" step before

deposition of the counter-electrode being necessary for development of good sensitivity

in the cells. Lange also found a photovoltaic effect to be present even in some cells

in which the rectifying characteristic asymmetry was absent. Hence, it was proposed

that the rectifying effect of the metal Cu20 contact was quite separate and had no bear-

ing on the fundamental mechanism of cell operation. Instead, a chemically activated

surface layer on the oxide was propesed_ and only those photons absorbed in this layer

were thought to contribute tocell output. This theory is partially a reiteration of

Schottky's postulate of the existence of a high-resistance layer of stoichiometric

Cu20 at the barrier layer. This region of low acceptor concentration is believed

to exist in present-day theories of cuprous oxide rectification, and gives rise to

the Mott type of barrier structure, as discussed below. The experiments of Lange

were done using chemical reduction processes to activate the oxide surface, and

this would certainly produce a low-acceptor density region near the oxide surface.
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Figure 6. 'Field-funnel' concept of Teiehmann, for explanation
of the rectifier effect

Lange notes that chemical analysis methods would not be capable of proving or

disproving the theory because of the very small quantities of material in the thin

surface layer_ and the fact that very small departures from stoiehiometry could have

large effects on the electrical properties of the layers. The attempt to separate

the rectification and photovoltaic effects appears to have some validity also. As

discussed above_ the chemical reduction treatment would probably produce an

aeceptor concentration gradient in the oxide surface. This would give rise to small

displacements of the Fermi level relative to the conduction band in the region of the

oxide surface_ which would produce correspondingly small photo-emfs. Thus_ the

results seen by Lange may have been more akin to Dember photovoltages (see
the section below on Dember effects).
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The equations developedby Frenkel and Joffe/were examinedfor validity with
eNoerimental results obtained on selenium barrier-layer cells by Barnard (26).

The major point which arose from this work concerned the value of _in Eq. (8).

Barnard found a value of about 15 to fit the experimental facts best, but he also

found that R was a function of the fraction of the cell area illuminated, reaching

the 1.5 value derived by Frenkel and Joffe' at vanishingly small illuminated areas.

The actual value to be assigned to fi was shown to vary widely with the detail of the

contact band structm_e, and the presence of localized levels at the barrier.

Theoretical analysis of this point was difficult because assumptions had to be made

which did not fit all experimental cases. However, the equations derived by

Frenkel and Joffe' were partially validated by the work of Barnard, whose analysis

of the reasons for deviation from the theory were also significant. The B values

observed were ascribed to space-charge limitation of current when the whole cell

area was illmninated, an effect which would be absent in the limiting ease when the

illmnination area tended to zero, corresponding to the one-dimensional analysis of
Frenkei and 0otte.

Another contribution to the barrier photovoltaic effect theory during this pre-1940

period was made by Mort in 1939 (75, 76). Mott points out that the theories of

rectification developed by Frenkel and othei-s assume that the cuprous oxide con-

duets by containing free electrons. However, Hall effect measurements showed

that the current carriers were actually holes, and in this case the theories give

incorrectly the direction of rectification. Mott's main contribution was to recon-

sider the energy band structure at the barrier, and his conclusions coincide with

present-day concepts, as shown in Figure 7. The barrier width was taken to be of

the order 10-4em, in agreement with the measured values of Schottky and Deutschmann

(35), rather tha:_ the 10-7era which had been assumed by Frenkel. Thus, the electron

passage through the junction was by carriers having energy sufficient to surmount

the barrier rather than by tunneling as analyzed by Frenkel. By conceptually

bringing a metal into contact with a semiconductor, Mott showed that a space-charge
region would be established at equilibrium. This would produce a field in the junc-

tion region in the correct direction both to explain the rectification direction and

the barrier photo-emf direction, and to show that these are of necessity linked in

such a way that the light-generated current passes through the junction in the high-

resistance direction, the point which had given the experimentalists such difficulty

at the stm't of work on Cu20 rectifier photocells. For a barrier layer of the thickness

considered by Mott, the carrier passage through the junction was partly governed by

diffusion processes. The current-voltage relationship derived was

v v[ ()]j _ . o exp qV (11)
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Figure 7(a). Energy band diagram of rectifier, after Mott
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Figure 7(b). Energy band diagram of Cu20 photocell, after Mott

where V o = barrier height as shown in Figure 7, and oo_ = limiting reverse resistance.
This differs from Eq. (8) of Frenkel, but once again the rectifier operation is

governed by the exponential term in_qVhwhich arises from the use of a Maxwell
\_-Y!

distribution function for the occupation of energy levels in the semiconductor.

Equation (11) is valid only for the particular barrier structure visualized by Mott,

in which a variation of the impurity distribution near the junction is present such that

a thin layer with low impurity density is adjacent to the metal° This thin layer makes

an abrupt junction with the semiconductor bulk which has a much higher impurity

concentration. If the metal-semiconductor barrier is high (large value of Vo in

Figm-e 7), the junction width (d in Figure 7) is independent of applied bias.
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Mott's theory described a device having no space charge in the barrier layer. This

approximation is not wholly valid, and Schottky provided an analysis dealing with two

cases nearer the experimental facts:

(i) A device in which all carrier-generating species in the space-charge region

are ionized ("exhaustion layer"), and

(ii) a device in which the ionization is incomplete.

In common with Mott, Schottky assumed a barrier region 10 -4 to 10 -5 cm thick, in

which a current carrier would experience multiple scattering events as it passed

through the junction. Both theories were based on a free-carrier diffusion process,

and in the case of an "exhaustion" layer, essentially the same results were obtained

in both theories with an exponential dependence of current on applied voltage.

Thus, the work of Mott and Schottky laid the foundations for the presently accepted

theories of p-n junctions. Both theories accounted satisfactorily for the junction width,

the I-V characteristic, and its behavior under temperature changes. The I-V character-

istic is of the form:

J = Jo (exp(_ V- i) (12)

and was called the 'rectifierequation' in the terminology of the period, but is now known

as the 'diode equation'. The differences between these theories and later ones are con-

cerned with details of the band structure and charge distribution in the barrier layer.

These differences give rise to differingvalues of Jo, and discussion of this highly in-

teresting parameter is postponed to later sections of this report.

d. Summary: The development of presently accepted theories of operation of barrier

photovoltaic devices can be summarized as follows:

(1) Points established by Schottky in 1930

• A barrier layer exists between metal and semiconductor, and the main

potential drop occurs across this during rectifier operation.

• Photocurrent generation is intimately connected with the region in which

the barrier layer is situated.

• The cell equivalent circuit contains a current generator whose output is

proportional to illuminated intensity.

(2) In 1932, Frenkel and Joffe/analyzed the rectifier characteristic, showing an

exponential dependence of I on V arising from the Maxwellian distribution of

electron energies.
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(3) In 1939, Mott proposed an energy band diagram for the rectifier and photocell,

and an analysis of this band model. This analysis was reworked by Schottky

to include ionization in the space-charge region, and this work of Mott and

Schottky provides the basis of the presently accepted theories of p-n junction

behavior, for application to Cu20 devices.

D.THEDEMBEREFFECT

1. Introduction

Whenever a nonuniform distribution of charge carriers of both signs (holes and

electrons) exists and the mobilities of the two types of charge carriers are different,
diffusion currents occur which cause an equalizing electric field to be set up. Such an

effect occurs at an illuminated metal-semiconductor contact at which no potential

barrier exists, in the semiconductor bulk under conditions of nonuniform illumination

or nonuniform absorption near a semiconductor surface when surface recombination is

present, and under any generally nonuniform excitation condition. The effect at a metal-
semiconductor interface is called the Dember effect, after its discoverer; similarly,

potentials having their origin in the diffusion process are generally called Dember po-

tentials. The discussion given here will be concerned with photostimulated diffusion

potentials and not only the specific case of a metal-semiconductor interface.

2. Discoveryand ExperimentalWork

The discovery of the effect is usually attributed to H. Dember, who published two

papers in 1931 (77, 78) describing the results of his studies on cuprite (Cu20 } and other

minerals. Approximately seven years earlier W.W. Coblentz (79) published the results

of some studies on Molybdenite (MoS2) in which he had observed and studied the gener-
ation of a photo-emf under conditions of nonuniform illumination. Coblentz had pre-

viously studied photoconductivity in molybdenite samples but, at the suggestion of

T.W. Case who had observed a photo-emf in his own studies, began to study the

"Actinoelectric" properties of the material in 1922.

Coblentz used soldered copper electrodes on his MoS 2 samples and focused the light on

areas away from the electrodes. His light source consisted of a ribbon filament tung-

sten lamp, and a water filter was used to prevent heating of the sample. He found that

several localized areas of the crystal produced much stronger responses than the rest

of the crystal and that the response reached its peak value "instantaneously" (time

short with respect to the response time of the galvanometer}. Using a monochromator

he investigated the spectral response of the effect and found that the maximum response
occurred between 0.2 micron and 0.9 micron with no response beyond 1 micron. It

was also noted that the spectral distribution of Lhe photo-emf did not coincide with _hat

of the photoconductivity. Although numerous studies were made, including the effects

of intensity and temperature, no explanation for the origin of the observed effect was

offered. It was not until Dember's work in 1931 that a reasonable explanation was

put forward.
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In the first (77) of two papers published in 1931, H. Dember reported the results of
his studies on somelarge uniform crystals of cuprite (Cu20). In his first experiment
an octahedral crystal was mountedbetweentwo _rass electrodes such that it could be
rotated and illuminated from various angles. The light source consisted of a 500-watt
mercury lamp at a distance of 30 cm from the sample. Whenthe crystal was illumi-
nated in the vicinity of one electrode voltages as high as 0.15 V were observed. When
the opposite electrode was illuminated the photo-emf reversed its direction. The
author attributed the effect to the direct nonuniform illumination of the boundary between
the electrode andthe crystal.

A secondexperiment consisted of contacting a large crystal in such a way that the elec-
trodes were completely shielded from the illumination, and illuminating the specimen
from different angles. An emf having one direction ncc:!rred when the crystal was
illuminated on oneface. Whenthe crystal was rotated 110° to illuminate another facet

the direction of the photo-eraf was reversed. As a result of this and similar experi-

ments it was concluded that the direction of the photo-emf was a function of the direc-
tion of illumination.

Other experiments with shielded and ring type electrodes were performed to show that it

was not a barrier layer, as in the case of Schottky's photocells, that was determining

the direction of the emf. It was finally concluded that the generation of a photo-emf in-

side a crystal could occur only when the incident light caused the emission of free elec-

trons which could diffuse into the _rystal. At the point where the light entered the

crystal the electron concentration was greatest, decreasing along the path of the light

into the bulk of the crystal. This concentration gradient caused the electrons to

diffuse in the direction of the light.

The second paper (78), published in 1931, reported results from similar experiments

using different specimens. These included cuprite samples from various countries

and a sample of Chinese Proustos (Ag3AsS3}. The effects of varying the intensity, on

the photo-emf and current flux were investigated. A rotating disc was used to vary the

intensity. The current was found to vary linearly, while the voltage variation appeared

logarithmic in nature. The idea that the photo-emf was caused by a gradient in the con-

centration of the photogenerated electrons was reiterated. In addition, Dember stated

that the light pressure acted on the electrons in the same direction, thus enhancing the
effect.

In two papers published in the following year (80, 81), Dember continued his studies on

other materials and made further attempts to establish the difference between his

"crystal-effect" and Schottky's barrier effect. To this end he illuminated a Cu20 single
crystal plate through platinum nets isolated from the crystal by air or glass plates to

prevent the flow of electrons into an external circuit. Under illumination a potential

difference between the two sides was detected. Dember then concluded that the photo-

voltaic barrier explanation did not apply in this case and that the photoelectrons were

displaced in the direction of the light by light pressure.
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Also in 1932, L. Bergraann published two papers (63, 82) dealing with photo-emfs

under intermittent illumination. The intermittent signal was fed to an amplifier and

detected by a telephone and in some cases a milliammeter. Signals were detected not

only in known photovoltaic structures such as Se-Fe and Cu20-Cu rectifiers with
metallic contacts but also with iodine, mercury iodide, and CdS powers insulated from

the fixture by glass plates. The effect was measured under all possible combinations

of illumination, both intermittent and continuous, and on a single side or both sides

simultaneously. The effect was cancelled when synchronized illumination was used on

both sides but doubled when the sides were illuminated 180 ° out of phase. Bergmann
saw a connection between his observations and the Dember effect and believed that the

same mechanism was operative in his specimens.

Four years later, in 1936, Bergmann published the results of an exhaustive study of

the photoeffect in some 76 compounds using the above teclmique (62). In some mate-

rials the direction of the photo-emf was dependent on the wavelength of the light source.
A satisfactory explanation for the effect was still lacking; however, it was still felt to

be related to the Dember effect and was believed to result from several effects con-

nected with light absorption in these materials. Since the samples were naturally

occurring minerals with many flaws and impurities these results _e not surprising.

3. Developmentof the Theory

The first attempts to develop a mathematical theory for the diffusion or Dember

potential seem to have been made by J. Frenkel. In a letter published in 1933 (83),

discussing the motion of holes and electrons in the presence of trapping, he developed

the following expression for the Dember potential

kT _tn - _tp N O
= in -- (13)

(P q _n + Wp N

where pp and Un were the mobilities of the holes and electrons, and N O and N were the
carrier concentrations in the illuminated and tmilluminated regions. As Frenkel ob-

served, this is the correct expression for the case of high-intensity illumination. It

can be seen from the equation that if the two mobilities are equal there will be no poten-

tial. The expression for the potential was derived by solving the continuity equation

under the conditions that the sample is illuminated along one plane only and that the

electric field does not vary with the x coordinate. Frenkel pointed out that it is possible,

in principle, to determine the ratio of the hole and electron mobilities from the above
equation.

In Frenkel's second paper on the subject (84), published ir/1935, a much more detailed

-,,_m_,.a_Ica_tretttmenLwas given, in thispaper he attempted to develop an elementary
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theory of both the Dember effect and the Kikoin-Nisov effect (a photo-magneto-electric

effect) in semiconducting solids. Assuming that the velocity distribution of the photo-

generated carriers was Maxwellian, fundamental equations for rate of change of hole

and electron concentrations with respect to time were developed, by using the particle

conservation concept. By combining these equations with Poisson's equations, expres-

sions were obtained for the Dember potential under conditions of weak and strong illu-

mination. The analysis of the high-intensity illumination case was marred by the

assumption that an approximation used to obtain a linear relation between illumination

and carrier generation for weak illumination was also valid in the high-intensity case,

in obvious contradiction of his preceding development. He again obtains substantially

correct expressions for the Dember potential in the two extreme cases.

Noti_n_g the flows in the work of Frenkel and others, Landau and Lifschitz in 1936 pro-

duced another extensive study (85) which included the effects of contact potentials and

the variation of the velocity distribution of the freed carriers from the Maxwellian

distribution. It was shown that a photo-emf could exist only if carriers of both types

(holes and electrons) were generated and have different mobiiities or, in tile case where

only carriers of one sign are present, if the velocity distribution of the carriers is

non-Maxwellian. An accurate calculation of the velocity distribution function indicated

that the magnitude of observed Dember potentials is too great to be attributed to the

variation of the velocity distribution from that of Maxwell. The analysis of the contact

potential change under illumination indicated that this effect may completely compen-

sate the diffusion potential or even change the sign of the observed photo-emf. The

following general expression was obtained for the combined Dember effect and contact

potential:

where C1 and C 2 are proportional to the number of electrons in an tmilluminated unit
volume, C is the photogenerated charge density and X can be related to the ratio of

the mobilities of the charge carriers. The first term on the rightside of the equation
is the voltage due to diffusion; the second term is due to the contact potential changes.

This reduces the Frenkel expression for the case of high-intensity illumination if one

ignores, as Frenkel did, the contact potential.

In 1938 B. Davydov published his paper on the Dember effect (86). With relatively

simple calculations he was able to show, as had Landau and Lifschitz previously, that

in the case of a single type of charge carrier no photo-emf could be detected unless

the velocity distribution of the free carrie rs were non-Maxwellian and that the potentials

caused by this effect would be small compared with those observed experimentally. This

indicated, as had the work of Landau and Lifschitz, that the observed effects were due

to the existence and diffustion of free charges of both signs.
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Davydov's analysis of the Dember potential covered the case of weak illumination only

and included the effects of the contact potential. The analysis negle_._ted variations in

the charge carrier transmission coefficient witk contact potential. The results did not

agree with those of Landau and Lifschitz for the low-intensity case. Davydov points

out that these workers made several improper approximations and that, consequently,

their results were valid only in the case of high contact resistances.

4. Summary

The concepts finally settled on by the investigators of the 1930's are essentially

those held today, and the mathematical expressions developed for the bulk diffusion

potential are essentially correct. An analytical discussion of the Dember effect at a

metal-semiconductor interface (no barrier) is much more difficult and no such dis-

cussion has been found in the period preceding 1940. There is some question whether

this effect is understood in general even today.

The Dember effects do not appear to hold much promise in the field of energy conversion.

The magnitude of the power produced by this effect is extremely small in comparison with

that produced by barrier-type devices for a given light source. The maximum open-

circuit voltage under strong illumination is, in principle, the same but the short-circuit

current of the barrier photocells is generally much larger. This is because the carriers

generated in or near the barrier are accelerated fairly rapidly by the strong field and,

thus, are afforded little time for recombination of this region. In the bulk or diffusion

photoeffect no such rapid removal occurs and the consequent recombination diminishes

the short-circuit current. Computations based on typical values for germanium indicate

that the current associated with the diffusion potential will be, at best, approximately one

tenth that of a barrier photocell.

There is one situation in which the Dember or diffusion effect can be more efficient than

a barrier-type photocell. If the radiation is not strongly absorbed by the cell, as in the

case of high energy radiation, it is possible for the diffusion effect to be the more

efficient.

Because of the low efficiency there is little current interest in the Dember effect, although

it has been proposed as a possible explanation for the high-voltage photovoltaic effect in

some materials.
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GLOSSARY OF SYMBOLS FOR SECTION III

A

b

d

dl

d r

D n

D
P

E
c

Ef

Efn

Efp

E
g

E o

E v

F

go

gp

g(x)

h

H s

I

I D

IL

I n

empirical constant in the diode

equation

ratio of electron to hole

mobility

effective thickness of

barrier layer

spatial coordinate of front

surface of semiconductor

spatial coordinate of back

surface of semiconductor

diffusion constant for electrons

diffusion constant for boles

energy at bottom edge of conduc-

tion band

Fermi level energy

Fermi energy on n-type side of

pn junction, or quasi-Fermi

level energy for electrons, in

context

Fermi energy on p-type side of

pn junction, or quasi-Fermi

level energy for holes, in context

width of forbidden bandgap

energy level defined for sur-

face state studies

energy at upper edge of

valence hand

absolute value of field intensity

atx=0

rate of hole generation at

x=0

rate of thermal generation of

holes in n region

rate of hole generation by

light absorotion in n

region (function of posi-

tion)

Planck's constant

incident photon flux

current

diode current

light-generated current

current arising from

electron motion

Ip current arising from hole Pc
motion

Inn reverse saturation current pp
arising from electron

motion p

I reverse saturation current q

pc arising from hole motion

Q

I ° reverse saturation current

II L

Isc short-ci rcuit current

R zL
,l current density or illumin-

ation intensity, in context It °

d reverse saturation current II
o s

density

Itsh
k Boltzmann's constant

T

L n diffusion length for

electrons in p region V

Lp diffusion length for holes V°
in n region

Voe
m* effective mass of electrons

or holes x

n electron or hole density, or Xa, x ku
free electron density in

extrinsic semiconductor material,

in context

nd electron density at x = d
XTn

n i free electron density in
intrinsic semiconductor

material

n n electron concentration in n
region

/XE

no excess electron concentration in
p region, or electron concentra- /_n

tion at x O, in context P

np equilibrium electron concentra-
tion in p region

J(

uniltun_inatcd frcc clcctron
npn

density gn

N density of donors or acceptors Dp

N a aceeptor density v

N d donor density

ern

p free hole density in extrinsic

semiconductor material _p

Pn equilibrium hole concentration
in n region

excess hole concentration in

n region

hole concentration in p region

power

electronic charge

quantum efficiency

load resistance

maximum power load resistance

zero-point diode resistance

series rt, sista_ce

shunt resistance

absolute temperature

voltage

barrier height

open-circtat voltage

spatial coordinate

spatial coordinates of points

sufficiently far from pn

junction that minority carrier

densities are unaltered by con-

duction through junction

edge of transition region

optical absorption constant,

or constant, in context

number of electrons released

per photon absorbed

energy difference

excess electron density under

illumination

conversion efficiency

dielectric ,:vns t',..n t

electron mobility

hole mobility

frequency or constant, as

conductivit ' of n-type material

conductivity of p-type material

minority carrier lifetime

electrostatic potential energy
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III. THEDEVELOPMENTOF PRACTICALENERGYCONVERSIONDEVICES

(1940-1955)

A. INTRODUCTION

As described in Section II, the progress made before 1940 concerned devices made

mainly with copper oxide or selenium, and these were intended for detection purposes

rather than energy conversion. However, the experimental work had provided enough

background that the fundamentals of semiconductor theory and photovoltaic effect

analysis could also be established. During the late 1930's and early 1940Ts, the need

for microwave mixer and detector diodes for radar equipment provided a great stimulus

for experimental work on silicon, and also created an active interest in the development

of a theory to permit analysis of semiconductor point-contact diodes made of this

material. The resulting cooperative effort between industrial laboratories and academic

institutions, coordinated by the M.I.T. Radiation Laboratory, produced great progress

in the materials technology of silicon, and advances in the theory of semiconductor and

rectifier properties.

Building on the earlier theoretical work, and from the experimental measurements

made on germanium and silicon devices, Shockley developed the diffusion theory of

p-n junction rectification and transistor theory, which has been If.st widely used for

device analysis. The technology advances made during the early 1940's were extended

to allow development of the transistor as a practical device, which in turn prompted

an intensified program of semiconductor research. This ultimately provided the

materials technology for growing large single crystals of silicon, and the solid-state

diffusion process, which were combined to produce the first practical solar cell in
1954.

During the 1950's, compound semiconductors began to receive attention again, after

the earlier work of the 1930's had been overshadowed by the results with silicon and

germanium. Thus, almost simultaneously with the announcement of the silicon solar

cell, Reynolds obtained good energy conversion efficiency with the CdS solar cell,

and early reports of photovoltaic measurements on III-V semiconductor compounds

also began to appear.

During the years 1940-1955, therefore, a very large research and development effort

on semiconductors resulted, among others, in the development of practical energy

conversion devices. This section is devoted to an accotmt of the adv,_nces made during

this period.
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B. MATERIALSTECHNOLOGY

1. Introduction

The development of todayTs highly sophisticated semiconductor device industry car,

be traced directly to the tremendous advances in materials technology which occurred,

for the most paz_t, in the decade or two following the late 1930's. It was during this

period that the materials purification and crystal growth techniques were developed

which made possible the transistor and the myriad of related devices. The development

of these tecbaliques was coincident with an intensive study of the properties of semi-

conducting materials and of the effects of various impurities on these properties. The

major effort was concentrated on ger:,nanium and silicon. These studies, combined

with the development of impurity diffusion processes in semiconductors, provided the

necessary background for the controlled formation of the p-n junction, the essential

part of the majority of semiconductor devices, including the present day solar cells.

The experinental investigations were often paralled by, and also in many instances

stimulated, a strong theoretical interest in semiconductor phenomena which led to

an increased understanding of the physics of semiconductors and provided a feedback

for further experimental work. A brief discussion of this early development is neces-

sary to any historical stawey on the development of photovoltaic cells; indeed, it was

during these eaxly investigations of crystal growth and materials properties that the

p-n junction photovoltaic effect in silicon was inadvertently discovered (87-89).

2. Material Purification, Crystal Growth,and Semiconductor Properties

, El,.r_,,_t.l <,'mi,,Hdu,'t,r_. One of the more positive effects of World War II was to

provide a jolting stimulus to the field of semiconductor physics. The impetus was

supplied in the form of contracts under the sponsorship of the National Defense Research

Committee (NDRC) to a number of universities and commercial laboratories in the

United States (90). The motive for this interest was the development of crystal recti-

fiers and crystal mixers for radar applications. Prior to the war the field of single

crystal-semiconductor technology was relatively dormant. Available materials were not

highly refined, m;my of the properties of the materials were not generally understood,

and applications for semiconducting materials were few. The major application for

germm_ium appears to have been as a thin-film resistor (evaporated on glass) in electric

circuits, although the rectifying properties of germanium-metal point-contacts were

well la_own. Silicon was used in the fabrication of point-contact rectifiers for micro-

wave detectors in laboratory studies. The war-time needs, both in the United States

and England m_d in Germany, caused a dramatic change.

The first requh_ement for producing semiconducting devices with predictable and con-

trollable properties is a source of relatively pure material. During the early work at

Bell Laboratories around 1940 (Reference 90, p. 311), the normal impurity segregation

which takes place with crystal growth by the Bridgman technique was used to purify the

then available silicon. This silicon was commercial electromet material with a purity
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of 99.8%. The growth procedure resulted in ingots approximately 4 1/2 in. long and
1 5/8 in. in diameter of which the bottom 2 in. were discarded.

During the period 1940-1944 the DuPont Company developed a technique which produced,

consistently and uniformly, silicon of purity better than 99.9%.

The essential part of the technique was a reaction chamber process utilizing the zinc

reduction of silicon tetrachloride by zinc vapor. The reaction was carried out at a

temperature such that the zinc, zinc chloride, and excess silicon tetrachloride were

carried off in the form of vapor, while the pure silicon remained in the reaction chamber

in the form of crystals. After removal from the chamber the silicon was leached in hydro-
chloric acid and rinsed in distilled water.

A similar method was used by DuPont to produce high-purity germanium. A second method

used for the purification of germanium by H.Q. North of General Electric was the re-

duction of germanium oxide by hydrogen. Ingots grown with these materials were suf-

ficient for the fabrication of rectifiers, and while tolerating wide production distributions

and low yields, it was often not necessary to discard portions of the ingots because of

impurities. The precise measurement of physical properties, and the development of

sophisticated devices as well as of economical production processes, however, required

materials of greater purity (better than 1 part in 108 or less) than these processes could

provide.

It was not until the early 1950's, which saw the introduction of the zone refining process

(91) and later the floating zone technique for silicon of Keck and Golay (92), that ger-

manium and silicon of this purity became available. These zone purification techniques

consist of melting a narrow region or "zone" of the crystal and then moving this region

along the length of the crystal, carrying along with it the impurities which are rejected

in the re-freezing process and which are deposited at the end of the crystal, which

portion can then be discarded. The reason for the segregation of the impurities is their

lower solubility in the solid phase of the semiconductor than in the liquid. Some of the

moving zone techniques were later adapted for growing single-crystal ingots both of
germanium and silicon.

Methods for the growth of large single crystals of many organic and inorganic materials

have been known since the middle of the nineteenth century. Most of the early work was

concerned with growth from a solution, but melt-growth techniques, such as those of

Bridgman (93) and Czochralski (94), had been developed for the growth of metals, ap-

proximately two decades before World War II. These techniques, with modifications,

were finally settled on for the growth of silicon and germanium ingots. During the early

work at Bell Laboratories, performed under NDRC contract, silicon ingots were grown

by simply heating a large mass of silicon to a temperature well above its melting point

and then allowing it to cool slowly (88, 89). Due to the impurity segregation process in

freezing, a gradient in purity existed from the outer surface to the core of the ingot.

Ingots grown in this fashion were generally cracked because of the anomalous negative
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expansioncoefficient of the material uponfreezing, which causes the central portion of
the ingot, which is the last to solidify, to break its confinement. The cracking was highly
undesirable, so that other techniqueswere sought. A process which successfully
eliminated the cracking was to heat the material in the normal manner but, instead of
allowing the material to cool by slowly reducing the power supplied to the furnace, the
material wasslowly withdrawn from the furnace which was maintained at a constant
temperature. This wasan adaptation of the Bridgman method. The ingots producedwere
relatively crack-free, with an impurity gradient from top to bottom. In the early silicon
ingots produced at Bell Laboratories the upper half of the ingot exhibited p-type con-
ductivity, while the lower half was n-type. It was during experiments with rods and
plates cut from sections of such ingots that the p-n junction photovoltaic effect in silicon
was discovered in 1941(88,89).

The techniques usedto grow germanium ingots during the early and mid 1940's were
essentially the sameas those used to prepare silicon crystals. They normally consisted
of variants of the Bridgman methodinsofar as either the tube containing the melt was
slowly removed from the furnace or the furnace itself was physically raised to expose
the tube. The material producedwas satisfactory for point-contact rectifier uses, al-
thougha large amountof waste was incurred and the material was probably highly poly-
crystalline since thetechnique of "necking" the tube so that only one crystal will act as
a seedto the melt appears to have not yet been used. Crystals of germanium grown in
this manner occasionally contained regions of n-type and p-type conductivity, similar
to those found in silicon and it was discovered, around 1944, that the boundaries of such
regions exhibited photovoltaic sensitivity (95,96). The electrical properties of the ger-
manium could be altered by the addition of small amounts of impurities, suchas
antimony and arsenic, to the melt.

The properties of the silicon ingots could be controlled to some extent by the same process.
However, becauseof its highly reactive nature, silicon tended to becomecontaminated
by whatever material was used as a crucible, making its properties more difficult to
control than those of germanium. In the late 1940's and early 1950's after the introduction
of the Czochralski or "crystal pulling" techniques for the production of silicon and
germanium ingots, the method of adding impurities to the melt during crystal growth
was usedto prepare p-n junctions (97). In general, the Czochralski method has been
found to produce crystals with a lower defect density than other 1,mowntechniques, and to
provide sufficient control of impurity concentrations, so that this technique has become
the onegenerally used for the production of crystals for solar cell fabrication.

The necessity for controlling the electrical characteristics of the semiconductors led to
an extensive study of the properties of the materials and the effects of impurities on
these properties. Particularly, the effects of boron and phosphorus on the conductivity
type and resistivity of silicon were explored in the 1940's by Scarf et al (88,98). They
determined that boron and other group III elements caused the material to exhibit p-type
conductivity, while the addition of phosphorus, arsenic, and other group V elements
resulted in n-type conductivity. Compensationeffects were also noted. Extensive
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measurements of resistivity and Hall effect as a function of temperature on silicon

samples containing from 0.0005 to 1.0 percent boron or phosphorus were reported

by Pearson and Bardeen (99). Similar studies were performed on germanium by Lark-

Horowitz and Johnson. Most of this early work was performed during World War II

under the NDRC and was described rather thoroughly by Torrey and Whitmer (90)0

In the early 1950's the results of numerous detailed studies of impurity effects on the

properties of silicon and germanium began to appear in the published literature. Ex-

perimental studies of solubilities, impurity distributions, diffusion coefficients, ioniza-

tion coefficients, ionization energies, and capture cross sections covering a wide range

of elements were published. J.A. Button's paper (100) provides a good review and
bibliography of this work, much of which occurred at the Bell Laboratories. The

theoretical work of Burton (101), Pfann (91), and others laid the basis for understanding

and predicting the behavior of impurities during crystal growth and zone purification.

All of this work provided the foundation for the production of crystals with highly

controlled and well-known impurity concentrations whose electrical and optical prop-

erties could be studied with confidence. Investigators such as Prince (102, 103) and

Burton (104) of Bell Laboratories studied the effects of impurity concentration on

mobility and lifetime, while others such as Dash and Newman (105) of General Electric

studied optical absorption. As a result of these and many other investigations the general

understanding of semiconductor properties was increased dramatically during the
early 1950's, at least as far as elemental semiconductors were concerned.

b. Compound Scmicot_dt_ctors: There was no burstof interest in the compound semiconduc-

tors during the 1940's corresponding to that which occurred for silicon and germanium.

These elemental semiconductors possessed sufficient known properties to make them

by far the most interesting materials for wartime and, post-war, for commercial uses.

As a consequence, almost all of the scientific investigations were centered on these

materials. The compounds are more difficult to prepare, and consequently, it was not

possible at that time to investigate their physical and electrical properties system-

atically. Because of differences in the bonding scheme of the atoms, the models developed

for the eovalently bonded materials (Si and Ge) could, in general, not be extended to

other materials. However, it was known that some semieonducting compounds form

wurtzite and zinc-blende lattice structures and, hence, that the binding mode of these

materials is similar to that of germanium and silicon. Materials known to crystallize

in the above forms include II-VI compounds such as zinc sulfide, I-VII compounds such

as AgI, and III-V compounds such as A1N. In the early 1950's several investigators

began to explore the properties of some of these materials° H. Welker was the first

to make a thorough and systematic study of the III-V compounds (106-108). His investiga-

tions showed that these compounds were indeed semiconductors and that they had some

very interesting properties, some of them very similar to those of silicon and germanium.

J. LI,-, [,Ja. vi, Jl_.,.I.i, lK;;_ UI _UIIlI_ gl LIlI;2? llli;ll, t2_llCtl_, _LIUII _1__ III_IIUIII i:tllLlllllJlill.ll;2_ [I_iU OUVIOU_

technical possibilities, and interest in the III-V compounds was greatly increased as a

result of this work. The publication of Welker's work was followed by a host of studies

on the electrical and optical properties of III-V compounds. A good bibliography for this
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work canbe found in Madelung's book (109). Also around this period, interest in the
semiconducting properties of the H-VI compounds(110, 111, 112) as well as of com-
pounds from other elements began to rise. Smith (111), investigating conductivity,
found that cadmium sulfide exhibited only n-type conductivity. Reynolds et al (112),
while investigating conductivity and rectification in cadmium sulfide, observed photo-
voltaic effects. Theinterest in the properties of these materials resulted in rapid
advancesin the technologies for their preparation, and by the middle 1950's the pos-
sibilities of devices fabricated from these materials beganto be explored in earnest.

3. Junction Formation

a. Early Techniquc._: The earliest rectifiers were of the point-contact or cat-whisker

type (90, p. 6). This type of device was adequ;.te, albeit at times frustrating, for de-

tector use in early radio and later microwave and radar work. Major disadvantages

of this contact type included instability, unreliability, and limited power-handling ca-

pability. The introduction of alloyed junction techniques (113), whereby donor or acceptor

type metal electrodes are fused to a homogeneous silicon or germanium crystal by heat-

ing (114, 115), resulted in diodes with a high degree of reproducibility, very low re-

verse currents, good temperature stability, improved high-frequency performance, and

good power-hm_dlhlg capabilities (116). These techniques were readily applicable to

devices of relatively small area and were good for fabricating general-purpose diodes

mid zener diodes. However, the alloying techniques proved difficult to apply to large

areas, and were therefore not practical for the early development of necessarily large-

area devices such as high-power rectifiers and solar cells.

The first broad-area p-n jtmctions to be made under controlled conditions were pro-

duced by the grown-junction technique of Teal, Sparks, and Buehler (117). Using the

Czochralski crystal-pulling process, they introduced the necessary impurities during

the growth of a germm_ium crystal to change the conductivity type. This produced a

crystal with one portion having n-type conductivity m_d the other portion having p-type

conductivity, with a p-n junction at the interface. These junctions were found to approach

very closely the ideal conditions and were used in experiments to verify the quantitative

features of Shocldey's diode theory (118). However, silicon junctions produced by the

same technique were not so well bchaved, exhibiting anomalous reverse saturation cur-

rent behavior (119). It was suggested that the large values of saturation current were

caused by the generation of carriers in the space charge region (114). The alloyed- and

grown-junction techniques were developed at about the same time.

t,. l)iff,_,_,.,l .I,,,ti,,,_: The '_ower-forlned" or "welded" variety of point contacts used in

early general-purpose diodes (1N34) were actually diffused junctions formed at rehttively

low temperatures and short diffusion times and were recognized as such by the research-

ers who made use of this teclmique. Alloyed junctions, which are actually solution-

_Town junctions based on the regrowth heat cycle after alloying, were used in some of

the early attempts to study the diffusion of impurities in semiconductos (120,121), a

phenomenon which began to be investigated in the early 1950's. The object of these
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studies was to measure and calculate the extent of the thin diffused region under the

alloy. The more practical system (from a device and production point of view} of

high-temperature vapor diffusion was not introduced until 1954. In 1954 Fuller and

Ditzenberger (122, 123} reported the successful fabrication of p-n and n-p junctions

by heating single-crystal silicon of n-type or p-type conductivity in the presence of

boron trichloride or phosphorus vapor, respectively. The temperatures used ranged

from 1050°C to 1250°C, with diffusion times between 16 and 112 hours. The process

was immediately applied to the fabrication of power rectifiers (123) and of a p-n junc-

tion photovoltaic energy conversion device (124). Similar work on high-temperature

diffusion was reported by Dunlap et al. (125) at approximately the same time. The

introduction of this process caused not only more intensive studies of the diffusion

process itself, but also a veritable epidemic of work on diffused junction transistors

and other devices. A bibliography of this work can be found in the paper by F.M. Smits

(126).

In summary, the materials preparation work of the 1940's and the development of the

diffusion technique for the introduction of impurities and junction formation provided

the foundation for today's semiconductor device technology. During this period, the

purity of the materials produced was raised by at least three to four orders of magni-

tude (from a prewar best of about 10 ppm), and techniques for growing single crystals

of semiconductors with dislocation densities of the order of 102 cm-2 or less (germa-

nium) were developed. The refinement of these techniques to extend their capabilites

and to permit precise control as well as the possibility of introducing predetermined

impurity profiles over large areas were the final steps necessary for large-scale de-

vice production. In the course of these early developments on elemental semiconductors

a new understanding of the properties was built up and previously unknown effects were

discovered, among them the p-n junction photovoltaic effect.

C. EXPERIMENTALSOLARCELLDEVELOPMENT

In the years between 1940 and 1950, photovoltaically sensitive p-n junctions were

discovered in a number of materials including silicon, germanium, and lead sulfide.

Although the phenomenon was first discovered in silicon, most of the experimental

investigations of the effect during this period as well as the early 1950's were per-

formed on germanium samples. This was primarily due to the much more rapid ad-

vance of the germanium technology, which was caused by the greater chemical inert-

ness of this material. The effect was not seriously considered for energy conversion

purposes until the introduction of junction formation by diffusion in silicon which took

place in the mid-1950's. It was also at this time that other materials, the compound

semiconductors, came into consideration.

i. Seleniumand GermaniumPhotovoitaic Ceils

As was mentioned in Section II selenium photovoltalc cells appeared to be of little

scientific interest after about 1930, although they continued to be used in photoelectric
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detectors. It is of historical interest, however, to make a brief mention of somework
published in the late 1940's. This work was concerned with the energy conversion ef-
ficiency of the selenium barrier layer photocell and appears to be the first instance
in which a solid-state photovoltaic cell was consideredasanenergyconversion device.

In 1948, R.A. Houstoun, disturbed by claims of 50%conversion efficiency from light
energy to electrical energy contained in a leaflet accompanyinga commercial photocell,
undertook a series of experiments which were intended to determine the actual ef-
ficiency of the cells (127). Houstoun founda maximum efficiency of 6. 2 x 10-5 for white
light illumination, while the efficiency for monochromatic light was 6.4 x 10-8 (at 636

m). These experiments lacked in several aspects. These include the facts that the light
level was extremely low for the monochromatic measurements and that the load
resistance was far from optimum. Although other factors influencing these measure-
ments, including the quality of the cells andthe characteristics of the filter used, cannot
bedetermined anymore, however, it is safeto assumethat the results were toolow. However,
this work is of interest because it constitutes the first (althoughadmittedly crude)
attempt to evaluate the energy conversion capabilities of a photovoltaic device andbe-
cause it stimulated more careful study by some other investigators. Billig and Plessner
(128), disturbed in their turn by the results of Houstoun, published, in the following
year, their own studies on the efficiency of selenium barrier layer photocells. First,
using the theoretical expressions of Lehovec (129) and manufacturers Tdata, they showed
that an efficiency of i to 4%for monochromatic light near 550 _m shouldbe expected.
A typical photocell I-V characteristic (fourth quadrant) was shownin the referenced
paper, with maximum power point indicated. The cells were apparently badly limited
by series resistance as indicated by the quotedtypical fill factor value of 0.36. Measure-
ments were made onactual cells. Care was taken in optimizing the load resistance and
isolating the wavelength of the radiation. An efficiency of 1.41%was measured for the
mercury green line with an incident intensity of 0.73mW.cm-2 while a sunlight measure-
ment (January on a cloudy day, with no collimation) gave a maximum efficiency of 0.95%.
These values agreed fairly well with the predicted values, and the authors concluded that
HoustounWsresults were in error. While these experiments were stimulated by academic
rather than practical considerations, they were the first published experiments in
which photovoltaic energy conversion was seriously investigated. Further consideration
was not given to this subject until the introduction of the Bell solar battery.

Photovoltaic effects in germanium were first observed by P.R. Bell at the Radiation
Laboratory of the MassachusettsInstitute of Technology around 1944(Reference 90,
p. 393). Theseobservations led to a detailed study by S. Benzer, whose results appeared
in NDRCreports in November 1944and October 1945(ibid.), but were not published
in the general literature at the time. The first published mention of photovoltaic effects
in germanium appearedin 1946in the form of abstracts of two talks given at American
Physical Society meetings in April and June of that year (130, 131); in these abstracts
the photosensitive properties of certain germanium crystals when contacted by metal
points, were described. The crystals contained naturally occurring n- and p-type regions.
Two types of behavior were observed andwere l_beled photodiodeand photo-peak be-
havior, respectively. The photodiodebehavior was that which onewould expectwhen
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operating a photocell at reverse bias. The photocurrent was found to vary linearly

with intensity at a rate of several milliamperes per lumen for white light and to be

independent of voltage. The threshold wavelength for stimulating photovoltaic response

was observed to be approximately 1.5 D m with peak response occurring at about 1.3

Din. The photo-peak behavior is somewhat more unusual, and the abstract does not

provide sufficient information to deduce the nature of the effect. The devices which

exhibited this effect had I-V characteristics similar to that shown in Figure 8. The

voltage peak, which occurred before the negative resistance region in the I-V character-

istic was reached, was reduced by illuminating the devices, and at high illumination

levels the peak (and hence the negative resistance region) was eliminated. Heating was

observed to have a similar effect on the peak. The effect could possibly be explained

as being due to two opposed diodes, one of which undergoes zener breakdown. This

structure agrees with that indicated by Benzer in later publications.

I In 1947, Benzer responded to remarks by L. Sosnowski who speculated that p-n junction
photosensitivity, similar to that which he had observed in lead sulfide (132), might also

be observed in silicon and germanium. Benzer stated (133) that such effects had indeed

I been observed and investigated in germanium. He described, briefly, some of the
results of the earlier work under the NDRC. The structure that was investigated in this

I work is shown in Figure 9. The inhomogeneity of the crystal (n- and p-type regions)
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Figure 8. "Photopeak" characteristic
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Figure 9. Photodiode structure, after S. Benzer

was apparently not intentionally produced. The device had a peculiar I-V characteristic

(Figure 10) which was apparently due to the presence of two barriers, one at the metal-

semiconductor contact and the other at the p-n jtmetion. Both photovoltaic and "photo-

conductive" effects were noted as well as negative resistance and "self-oscillations"

The "photoconductive" effects appear, in actuality, to have been photodiode type

behavior (i. e.. the I-V characteristics shift but do not rotate). Magnitudes of the

photovoltages observed are not given.

Three years after Benzer's letter was published, Beeker and Fan (134) published data

from experiments on germanium p-n junctions in which it was verified that the photo-

voltage varies linearly with light intensity for low intensities and more slowly for high

intensities as predicted by Fan in a previous publication (135). Data on the temperature

dependence of the spectral response of the photovoltage and the variation of photo-

voltage with load resistance were also given in this paper. Other investigations were

reported by F.S. Goucher etalo(118) andbyW.J. Pietenpol (136) both of whom used

p-n junctions prepared by the grown-junction technique described in Section III-B-3-a

above. Most of the device-oriented interest in the p-n junction photoeffect during this

period was centered on its possible use in low-intensity radiation detection, as illustrated

by the papers of Rothlein (137, 138) andShive (139). These studies were concerned

primarily with the sensitivity of the photocurrent or photovoltage to changes in light

intensity rather than energ2¢ conversion as such although Rothlein estimated the ratio

of the energy developed by the cell to the incident energy to be of the order of 0.01 (for
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Figure i0. Current-voltage characteristic of photodiode

radiation corresponding to peak response). A brief interest in the energy conversion

capabilities of germanium p-n junctions was roused when the results of Chapin et al.

(124) on silicon were made public in 1954. Ruth and Moyer (140) published a letter in

that year describing an experimental investigation of the variation of conversion ef-

ficiency with light intensity. Efficiencies up to about 0.5% were measured for inten-

sities approaching that of sunlight (using a 3200°K photoflood lamp as a light source).

The elimination of reflection losses and other improvements were expected to raise

the efficiency to approximately 2%. Another investigation was published by Pfann and

van Roosbroeck at about the same time (141). They considered the possibility of using

p-n junctions as both radioactive (electron-voltaic)and photovoltaic power sources,

and presented theoretical and experimental results both for silicon and germanium.

From theoretical considerations the authors predicted an ideal efficiency of 18% for

silicon solar cells under sunlight illumination. However, their experimental work

dealt only with the electron-voltaic effect.As a result of this and other work (152) it

became apparent that germanium was not ideally suited for solar energy conversion

use, Consequently, the interest shiftedto other materials which held more promise

for this purpose, and very littlefurther work was done with germanium photovoltaic

cells.

I

!
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2. Silicon Cells

Early in 1941, R.S. Ohl, a metallurgist at the Bell Laboratories, discovered in a

melt of commercial '_igh-purity" silicon, a "well-defined barrier having a high degree of

photovoltaic response" (87, 88). This observation marks the discovery of the p-n junction

photovoltaic effect. The reasons for the occurrence of this junction were outlined in

Section III-B-3 of this report, dealing with materials technology. Figure ii is a drawing

of the silicon melt showing the position of the naturally occurring photovoltaic barrier

and a "surface type" photocell made from the barrier° In addition to the "surface type"

cells, many of the cells were cut in the form of long rods or bars with the junction in

the center normal to the surface. Figure 12(a) shows such a cell with a typical spectral

response curve as shown by Kingsbury and Ohl (89). Figure 12(b) illustrates the varia-

tion of open-circuit voltage and short-circuit current with intensity for the "bar type"

of cell. The "surface type" cells showed more response in the visible than the "bar

type". The i11umination source for the intensity dependence measurements was a 2848°K

tungsten lampo The cells were noted to be extremely stable under drastic temperature

changes. Heating to red heat and immediately quenching in water apparently had no

effect on the cell characteristics. Some of the cells were used in test circuits for ten

years without any serious change in their properties. Ghl took the precaution of im-

mediately patenting the device, but, it appears, did not publish his findings in the

general literature or in an NDRC report until ii years latero J.H. Scarf, who had

worked with Ohl and also held a patent on the device, mentioned some of the findings in

a paper published in 1949 (88). It is apparent, however, that Ohl's findings were not

generally Mmwn, since Torrey and Whitmer attributed the discovery of photovoltaic

effects in silicon to Miller and Greenblatt (Ref. 90, pages 392 and 393) around 1944 to

1945. Miller and Greenblatt's observations were made on point-contact rectifiers, and

it is not clear if p-n junctions were present. Currents of 0.15 _A were obtained under

illumination intensities of 12 roW. cm -2 of monochromatic light (wavelength 1.5 _m-

maxinmm of the spectral distribution curve). The magnitude of the photovoltage was not

given° There was very little interest in the photovoltaic properties of silicon during the

P-TYPE

-TYPE

Figure 11. Representation of melt, showing photovoltaic barrier and photocell,

after Ohl
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period between the early 1940's and the early 1950's. Some observations on contact

potential changes under the influence of light were published by Brattain (142) but

these were concerned with surface state studies.

I

I
The next publication of interest was that of Kingsbury and Ohl (89) in 1952. After a

brief account of Ohl's earlier work the authors discussed some experiments on the forma- •

tion of photovoltaically sensitive barriers by ionic bombardment of silicon. This work g

was motivated by a search for techniques whereby large areas of silicon surfaces might

be uniformly activated (i.e., a barrier formed). Such a technique was expected to produce

photocells competitive with those available at the time. "Hyper-purity" silicon was used

in this work to avoid the formation of natural barriers by impurity segregation. The

activation process consisted of exposing the polished face of a silicon wafer to a uniform "_

beam of helium ions with energies ranging from 100 eV to 30 keV. The pressure during

bombardment was 10-3 to 10-4 mm Hg, and the silicon surface was maintained at a

temperature of 395°C. Three cell si_es were constructed, with areas of 0. 005 cm 2, I

0.40 cm 2, and 8.0 cm 2. Most of the measurements were made on the intermediate area

cells. The wafer thicl_ess was 0. 025 in. Attempts were made to evaluate the relation
between ion velocity and junction depth by measuring spectral response as a function of

accelerating voltage. Cells subjected to extremely low energy bombardment (100 to

226 eV) showed a definite blue shift (sensitive at shorter wavelengths), but bombardment
at intervals in the higher energy range (570 eV to 30 KeV) yielded cells which, while

more red sensitive than the low energy cells, were essentially identical among them-

selves. Figure 13 shows the spectral response curves of a blue shifted and a "normal"

cell. In addition, cells made with relatively impure silicon were found to be blue-

shifted compared with those made with pure silicon. To obtain highly photosensitive

cells it was necessary to maintain the silicon at an elevated temperature during bombard-

ment. The optimum temperature was found to be around 395°C. Cells made at tempera-

tures above this had soft reverse characteristics while those made at lower temperatures
_w

had poor photosensitivity. The ion-bombarded cells were extremely stable and had .a

photosensitivities of the order of 3000 _tA per lumen for tungsten light and for daylight.

Although Kingsbury and Ohl were interested in developing competitive photodetectors

rather than an energy conversion device, this workwas the precursor ot the more recent

investigations of ion-bombardment techniques for solar cell fabrication.

The development of high-temperature vapor diffusion techniques by C.S. Fuller around I
r "] "1953 to 1954 solved the problem of "uniformly actix atn g large-area semiconductor |

surfaces. This made it possible for Bell Laboratories to demonstrate their solar

battery in April 1954 at the annual meeting of the National Academy of Sciences in •

Washington (143). The device was developed by G.L. Pearson, C.S. Fuller, and D.M. |
Chapin, (Physicist, Chemist, and Electrical Engineer, respectively). At about the

same time the developers published data on the characteristics of the device (124). The •

cells had an open-circuit voltage of approximately 0.5 V and a conversion efficiency of |
6(,.'(7under sunlight illumination. The diffused layer thickness was 0.0001 in. A theoretical

computation indicated an efficiency limit near 22% for the device. The actual device was •

limited by several practical factors which were thought to include reflection losses |
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Blue shifted and "normal" ion-bombarded photocell responses, after

Kingsbury and Chl

approaching 50% and large series resistance losses, primarily in the thin p-type diffused

region. Improved surface treatments were expected to improve the reflection problem

while special contact geometries were planned to deal with the resistance of the diffused

layer.

A number of publications followed the initial work, including a second one by Chapin,

Fuller, and Pearson, providing more detailed information, presented in a popularized

fashion (144). Figures 14(a) and 14(b) contain a cutaway view of the "Bell Solar Battery"

and a plot of the intensity dependence of the device characteristics respectively. The

open-circuit voltage for sunlight illumination is seen to have been approximately 0.52 V

and the short-circuit current density was 25 mAo cm -2. The cell was considered for use

as a power source for telephone amplifiers in remote areas, and results on battery-

charging studies under varying weather conditions were presented. This publication

appeared one year after the initial disclosure, and mentioned that at this time the average

efficiency had been raised to 8%, with some units reaching 11%. In the same year (1955),

Prince published a paper (145) which compared theoretical predictions with experimental

results on silicon cells. The results of this study indicated that the most serious problem

limiting the efficiency of the early devices had been series resistance in the contacts.

The theory showed that total series resistance could and should be reduced to less than

1 ohm, partially through adoption of suitable cell geometry. Prince also investigated the

use of antireflection coatings to reduce reflection losses. An experiment which attempted

to use a piece of soft glass cemented to the cell surface did not improve the short-circuit
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current. The results of the experiment were explained as possibly due to a silicon

dioxide layer on the cells, which would provide antireflection properties.

From this beginning silicon has continued to dominate the field of photovoltaic energy

conversion to this day. The success of silicon, however, did stimulate interest and

work on other materials. These developments are discussed in the following section.

3. CompoundSemiconductorPhotovoltaicCells

Although most of the important developments in compound semiconductor solar cells

occurred after the introduction of the Bell solar battery, the first reported observation

of an identifiable p-n junction photovoltaic effect in a compound material was that of

Sosnowski, Starkiewicz, and Simpson in lead sulfide in 1947 (132, 146). Photovoltaic

effects had been observed in many compound materials, notably silver sulfide, several

decades prior to the discoveries of Sosnowski, et al. ; however, most of these observa-

tions were associated with contact phenomena and were not identifiable as p-n junction

effects. In a paper authored by Starkiewicz, Sosnowski, and Simpson (147) in 1946,

photovoltaic effects in lead sulfide films under infrared illumination (1 _m to 3.5 um)

were reported. The effect observed was actually a "high-voltage photovoltaic effect",

since the measured photovoltage (2V) was greater than the bandgap. Sosnowski et al.

(146) postulated a multi-p-n junction mechanism to explain the effect and constructed

such junctions experimentally by bringing together two pieces of lead sulfide, one con-

taining excess lead and the other containing excess oxygen. The junctions were ex-

tremely thin and their operation was though to be governed by "diode theory" rather

than diffusion theory. Sosnowski reported that he observed photovoltaic effects across

such junctions and developed a theory to explain his observations. Unforunately, he

gave no indication as to the magnitude of the photoeffects observed. Because of its

narrow bandgap (0.3eV), lead sulfide is not of interest for photovoltaic solar energy

conversion applications, although it is an important material in infrared radiation

detection. A number of other compounds with energy bandgaps above 1 eV, are of

interest, at least from a theoretical point of view. The most important of these fall

into the groups of II-VI and III-V compounds. The developments on these are discussed
in the remainder of this section.

After the establishment of the semiconducting nature of the III-_¢ compounds by Welker

(106), these materials attracted considerable attention among investigators interested

in new photoconductors. Many of the experiments led to the discovery of photovoltalc

effects in these materials. Talley and Enright (148) reported having observed photo-

voltaic effects in indium arsenide. The photovoltages were detected across p-n junctions

which occurred naturally in grown ingots of the material, and which were located by

thermoelectric measurements. Figure 15 is a graph of the photoresponse of a typical
_.-1_,,_ _:..1_ _1_^_- .... 1_-_'^ ^^11 _ _,_,,_,-1 1_., qF_11,_r ._,-I 12_.i_1_+ _1_1_ .,-_._._o,_-...._-_+o

were made at liquid-nitrogen temperature. Photovoltaic effects were observed at room

temperature but increased by three order of magnitude at the lower temperature. The
response of the ceil was primarily in the infrared with a bandgap of approximately O. 27 eV,

malting it of little interest in solar energy conversion.
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Figure 15. l:)hotoresponse of an InAs photovoltaic cell at 77 ° K, after Talley and Enright

There were two reported observations of photovoltaic effects in indium antimonide in

1954. The first was that of D.G. Avery et al. (149) who were studying photoconductive

effects. The second was by G.R. Mitchell et al. (150) who had intentionally produced

photovoltaic cells by the grown-junction tecl_nique. The observations of Avery et al.

were made on a point-contact device consisting of a piece of pure single-crystal indium

antimonide contacted by a tungsten probe. Spectral sensitivity measurements were

made at about room temperature. The data showed the sensitivity beginning to rise

at a wavelength of about 8 _m reaching about 80% of peak at 7 b{m (0.176eV). For

wavelengths shorter than 6 # m the photodiode exhibited an approximately constant

energy sensitivity (i. e., response per unit energy input). The measurements of

Mitchell et al. were made at 77°K and indicated a band edge corresponding to 5.7 Dm

(0.22eV) at this temperature. Most of the discussions in this paper were concerned

with the signal-to-noise ratio of the photocell. Again the material is not of interest for

solar energy conversion.

Welker himself seems to be the first to report photovoltaic effects in gallium arsenide.

In a survey paper on "Semiconducting Intermetallic Compounds" published in 1954, he

showed the I-V characteristics of a GaAs photocell under several intensities but gave

no discussion (107). Figure 16 shows these characteristics. In the following year

Gremmelmaier reported his findings (151) on a photocell with an area of 23 mm 2

which was cut from polycrystalline material. The n-type crystal had a layer of p-type
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material about 10-2ram thick grown onto its surface. Under sunlight illumination (sea

level) the cell had an open-circuit voltage of 0o 66 V, a short-circuit current density of
2.6 mA. cm -2 and an efficiency of about 1%. Under focused sunlight an open-circuit

voltage of 0.87 Vand a current density of 70 mA.cm -2 were obtained. Figures 17(_) and

17(b) show the intensity variation of the photocurrent and photovoltage. The photovoltage

was surprisingly linear with intensity at intensities approaching that of sunlight. The

details of the measurements Were not given. A second photocell was made and had an

efficiency of approximately 4% under a sunlight intensity of 60 roW. cm -2. This cell

had an open-circuit voltage of 0.73 V and a current density of 4.8 mA- cm -2.

Gremmelmaier anticipated considerably higher efficiencies from single-crystal cells.

I

In 1955, working under an Army Signal Corps contract, Loferski, Rappaport, and

Linder of RCA developed a theoretical analysis which indicated that a number of the

III-V compounds (InP, GaAs, and A1Sb) as well as at least one of the II-VI compounds

(CdTe) should yield photovoltaic cells with efficiencies higher than silicon (152). Later

that year Jenny, Loferski, and Rappaport (153) reported measurements on cells made

by diffusing cadmium into n-type gallium arsenide wafers in which efficiencies as high

as 6° 5% were achieved. The analysis of Loferski et al. (152) indicated that gallium

arsenide was the most promising of the III-V compounds from a combined theoretical

and technological point of view, and as a result, a large percentage of the effort to

develop alternative solar cell materials has been expended on gallium arsenide°
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Of the II-VI compounds which aroused the interest of investigators during the early and

middle 1950's, cadmium sulfide and cadmium telluride were the most outstanding and

the only two on which any significant amount of work toward photovoltaic solar energy

conversion was done. Cadmium telluride derived interest from the fact that its bandgap

is near the optimum for solar energy conversion as indicated by the analysis of

Loferski et al. (152). The investigations of cadmium sulfide, which started earlier and

became more extensive, however, arose from a completely different set of circum-

stances. Cadmium sulfide's bandgap (2.4eV) is so large, that, at normal temperatures,

it should be relatively inefficient for photovoltaic solar energy conversion since a

considerable portion of the sun's photons are not energetic enough to excite carriers in

the intrinsic material. D.C. Reynolds and G.M. Leies, in the course of investigating

photoconduction and rectification in cadmium sulfide, discovered pronounced photo-

voltaic effects {154).

The first observations of the photovoltaic effect in cadmium sulfide occurred while

testing cadmium sulfide rectifiers. The rectifiers were constructed by attaching an

indium base electrode and a top electrode of silver, copper, gold, or platinum to

crystals approximately 3 mm thick. The electrodes were apparently opaque but when

the rectifiers were illuminated from the side, some of them were found to be photo-

voltaically sensitive. Open-circuit voltages of 0.4 V, and short-circuit current

densities as high as 15 mA.cm -2 were observed under sunlight illumination. The

spectral response of these photovoltaic effects did not conform to that predicted on the
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basis of the bandgap of cadmium sulfide (155}, but showed a considerable peak in the

red, which in some crystals was higher than that of the intrinsic (green) peak (Figure

18). It was also observed that the short-circuit current at a given wavelength was

dependent on the wavelength of light used in prior illumination of the crystal. These

effects were attributed to the presence of an impurity band in the forbidden zone into

which a portion of the excited electrons could pass. If these electrons were long lived

and could move freely in the impurity band, then it would act like a conduction band,

assuming the proper electrode conditions. This was felt by Reynolds to be the most

plausible mechanism to explain both the photoconductive and photovoltaic effects

observed {156).

Photovoltaic effects were also observed in compressed cadmium sulfide powders,

although the photocurrents were relatively low. The discovery of the unusual photo-

voltaic properties of cadmium sulfide when treated with certain metals initiated a

series of investigations into the energy conversion possibilities of this material,

especially in thin-film form, which is still in progress. Many of the peculiar properties

discovered in the earliest cadmium sulfide photovoltaic cells are still eluding a

satisfactory explanation by today's investigators.

The photovoltaic properties of cadmium telluride received very little experimental

attention until after 1955. The fact that photovoltaic effects had been observed in

cadmium telluride was mentioned in one of the early Signal Corps reports written by

RCA Laboratories investigators (152), but no details were given. As mentioned,

theoretical analysis showed that cadmium telluride should have an efficiency exceeding

that of silicon on the basis of the width of its bandgap. As a result, cadmium telluride

was subjected to intensive developmental work during the years following 1955.
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Figure 18. Spectral response of a CdS crystal with silver and indium electrodes,

after Reynolds
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D. DEVELOPMENTOFTHETHEORY

1. Progressin Supporting Fields

The development of a satisfactory theoretical account of semiconductor rectification

by Mott and Schottky during the late 1930's was based in part on supporting work in solid-

state theory during the same period. Itwould be inappropriate to trace this in detail

here, but some mention of the main points is in order.

The most important development was the band theory of energy levels in solids. This was

derived from the quantum theory, originally by M. J. O. Strutt in 1928, with mathemati-

cal investigation of the concept by L. Brillouin, P. M. Morse, R. Peierls, and R. L.

Kronig and W. G. Penney in 1930 and 1931. Seitz's book (157) on solid-state theory,

originally published in 1940, reviews the development of the subject, and gives a full

account of the state of the theory up to the late 1930's. The explanation given by this

theory of the differences in electrical behavior of metals, semiconductors, and insulators

is, of course, that used at the present time. For pure semiconductors, the electrical

properties were shown to be determined by that part of the electronic band structure

which consists of a lower-energy band (valence band) whose states would be completely

filled by electrons at zero absolute temperature, separated by an energy gap, from a

higher-energy band of allowed states (conduction band) which would be unoccupied at 0°K.

The situation is as illustrated in Figure 19(a). The energy gap between the two bands

represents a range of energies which the electrons cannot possess ('forbidden bandgap'),

because of the restrictions described by the quantum theory. This remains true in a

chemically pure single crystal of a semiconductor even when the temperature is raised

above absolute zero. However, as the temperature is raised, there exists a finite in-

creasing probability that a few electrons may acquire sufficient thermal energy to trans-

fer from the lower (valence) band into the upper (conduction) band.

Since electrical conductivity requires that motion in a preferred direction be imparted to

electrons by an electric field, some electrons in a solid through which a current is pass-

ing must have higher energies than electrons in a solid not carrying a current. In a

semiconductor at absolute zero, the electrical conductivity must therefore be zero since

there are no allowed higher energy states available to electrons, all energy levels in the

valence band being occupied, unless they can cross the forbidden band. Normal electrical

fields cannot supply sufficient energy to an electron to permit it to make the transition

across the bandgap. However, if the temperature is raised above absolute zero, ther-

mal excitation can provide sufficient energy to permit some electrons to occupy states

in the higher energy band. Now each band consists of allowed energy levels separated by

extremely small energy increments. Hence, application of an electrical field at a tempera-

ture other than absolute zero causes electrons in both bands to move by transferring to

allowed states of very slightly higher energy. These are available both in the higher-

energy band (because its states are normally unfilled), and in the lower-energy band,

because electrons can transfer into states left vacant by electrons thermally excited into

the higher band. It was realized that the latter process could be regarded as the motion

of a charge of equal magnitude and opposite sign to that of an electron, and this concept

of 'hole' conduction was used immediately by Mort and others.
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Now the experimental work of Schottky had shown that small amounts of chemical im-

purities or departures from stoichiometry could cause the conduction process to be

greatly enhanced, and to be dominated by either motion of electrons in the condu0tion

band or by motion of holes in the valence band.

The theory showed that these effects could be explained by the creation of allowed energy

states within the forbiddeo bandgap, these states lying close to one of the semiconductor

band edges, and being spatially associated with the impurity atom giving rise to the

energy level. If the species causing the state also provided an electron to flU the state

at absolute zero, then at a higher temperature the electron could transfer to the con-

duction band. Species having such properties are called donors. The probability of
1-'_t¢_I_l(_'l_ O _*#'% _-_-_l_ _£-_,_11rb'_'_(_._ "_l t-_#-_lll(tl_o_t.-t(3" 1_ "l'_"_11f'bh _,lr_"_rJlr_d._ _g'_,.q_ _"_1_'1_/_,_C1 .*%_I_,_

energy states close to the conduction band. Based on such a large transition probability,

only a small concentration of donors would be necessary to dominate the conduction proc-

ess at relatively low temperatures, where the thermal transfer of electrons directly

from the valence to the conduction band is unlikely. The converse process, leading to the
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formation of holes in the valenceband, occurs through the presence of a species provid-
ing an energy level close to the valenceband, but no electron to fill it. Such species is
called an acceptor.

It was found convenientto consider an energy level at which there would be a 50%proba-
bility for the occupancyof a state at that energy. This level is called the Fermi level
(El), and for most casesof a semiconductor it lies inside the forbidden band. Then the
probability P(E) of occupancyof an energy level E by an electron is described by

1
P(E) = (15)

1 + exp kT

Equation (15) is the Fermi-Dirae distribution function, often called "Fermi function",

and is used frequently as a factor to a distribution of allowed energy states, thus de-

scribing their actual occupancy. In the general case, Ef does not have to represent an
energy level half-filled with electrons, since Ef may be in the forbidden bandgap; then

the Fermi level is a conceptual level only. The Fermi function, Eq. (15), characterizes

a distribution such that there is an equal number of higher energy levels above Ef occupied,

as there are unoccupied levels of energy less than Ef. 5 The band-structure for three

types of semiconductor can now be visualized, as shown in Figure 19.

In the early 1930's, both A. It. Wilson and R. H. Fowler provided methods for calculating

the density of conduction electrons or holes. The results showed that

1_ + 4_N_N exp -J (16)n = "7 exp # --_

whe re

n = density of electrons or holes

m* = effectivemass of electrons or holes in the lattice

k = Boltzmann's constant

T = absolute temperature

h = Planck's constant

A E = energy difference between impurity level and adjacent band edge,

as illustratedin Figure (19) for electrons or holes

N = density of donors or acceptors

(17)

E-E£_> 1 ,5It should be noted that at energies sufficiently removed from Ef (that is, kT

Eq. (15) describes the distribution obtained earlier by the methods of Maxwell and Boltzmann.
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Thus, the electrical conductivity will increase exponentially with temperature until all

the carrier-contributing species are ionized. Then the density of free carriers will re-

main constant with increase of temperature until sufficiently high temperatures are

reached to allow thermal excitation across the bandgap to contribute a significant num-

ber of carriers. At still higher temperatures, the carrier concentration will then again

increase exponentially with temperature, as in a pure semiconductor without impurity
level.

This band theory was used by Mott and Schottky in their theoretical models accounting
for semiconductor-metal junction I-V characteristics in 1939.

2 Continuation of Work on Rectification Theory

a. Metal-Semiconductor Contacts (1940-46): The great deal of experimental work done on

mixer and detector diodes for radar microwave systems during the second World War6,

was accompanied by theoretical work by various groups. Notable among these were

Bethe at the Radiation Laboratory of MIT, Seitz and others at the University of Penn-

sylvania, and Sachs and others at Purdue University.

The principal objective of this work lay in explaining the electrical behavior of point-

contact metal-to-semiconductor rectifiers. The semiconductors used were silicon and

germanium. In general, the I-V characteristics followed the expected exponential law,

and the main consideration was to provide a theoretical explanation of the Io values in the
diode equation, by analyzing the device models with various band structures. Because of

the nature of the devices (a metal point pressed against the surface of a crystal of semi-

conductor), this amounted to finding the band structure at the free surface of a semi-

conductor. Bethe (158) analyzed this by integrating Poisson's equation with suitable
boundary conditions, and concluded that at the metal-semiconductor contact a barrier

region of 10-6 cm thickness would be formed. This analysis was done for silicon, and

it was pointed out that a much thinner region would result if the semiconductor dielectric

constant were to be considerably less than the value 13.0 of silicon. Bethe also noted

that tunnelling and image forces which were considered in some earlier rectifier theories,

do not contribute significant effects in this type of device, chiefly due to the large value

of the dielectric constant possessed by silicon, and also germanium.

6A note on the literature of this period: Work during World War II was classified at

the time and, hence, did not immediately appear in the open literature. The results

were recorded in a series of contract reports, which were not declassified until 1960.

A group of papers by some of those who had been involved in the work were presented

at the Meeting of the American Physical Society at Cambridge, Mass., April 25-27th

1946. Abstracts for these papers are to be found in Phys. Rev. 6__99,628 (1946). An

_,,,_,_,.,._ _._ _. ...... , .......... ,1.._ ..... , ............ Lab Series (Reference_v_v_u._l, _,_,_ L,II_., W"J.Lh Wq_l._ LJU.kJII_IIqI_;U 111 VUI. It) U L bll_ l_,_lUlal, lon

90) in 1948, from which most of the iaformation in this section has been obtained, this

being the most coherent source readily available.
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Now this barrier thickness is much less than the 10 -5 to 10 -4 values measured in the

copper-copper oxide rectifiers to which Mott's and Schottky's analyses applied. In fact,

the barrier thickness in the silicon devices was now of the same order of magnitude as

the mean free path of the carriers, and hence a diffusion analysis of the electrical char-

acteristics was not applicable. Bethe discussed an alternative"diode analysis" which is

applicable when scattering processes in the transit of carriers across the barrier can be

neglected. This analysis is the same as that for the thermionic diode (hence the appella-

tion), and is based on an electron distribution given by the Maxwell-Boltzmann approxi-

mation. Hence, the I-V equation is again of the same form as Eq. (12), but with a different
J value:

O

/o vm * kT (18)

I = (device area) x J (19)
O O

where Vo = barrier height, as shown in Figure 7(a). When the barrier width is of the

same order of magnitude as the mean free path, it is not immediately apparent that

scattering processes can be neglected. However, Bethe pointed out that the mean free

path should not be compared with the total boundary region thickness, but rather with the

distance over which the potential changes by an amount kT.

In summation, Bethe analyzed the point-contact rectifier, showing that the electrical be-

havior could be reasonably well explained by the (thermionic) diode theory, with a bound-

ary layer about 10 -6 cm thick arising from the bulk properties of the semiconductor

alone without the necessity for introduction of an electrically active species at the semi-

conductor surface to explain the barrier layer properties.

The results of this theory were critically examined by comparison with actual devices,

mainly by the Purdue University group. This appears to have been the first occasion on

which Log (I) versus V plots were used for analysis, and the work was probably the first

systematic demonstration of the departures in the behavior of experimental diodes from

accepted theories including the present ones. The form of typical results is shown in

Figure 20. One sees two linear regions in the curve, with different slopes and corre-

spondingdifferentvalues ofJ o. These results showed that:

(i) The theoretical value of _ in Eq. (12) was too large by an amount varying
from close to 1 to 4 or even more.

(ii) Values of Io consistent with the forward characteristic were incompatible
with the reverse characteristic.

The inconsistency between forward and reverse characteristics appears to have been due

to barrier leakage, but the anomalies in _ are still observed today, and will be further
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Figure 20. Log (I) vs. V for usual experimental diode

considered in later sections. Since this analysis concerns a device that is clearly not

applicable to power generation, discussion has been limited to those aspects of the work

which contributed to the progress of semiconductor junction theory.

b. Progress-1946 to 1955: Duringthewaryears, agreatdealofexperimentalwork was done

at Bell Laboratories on the preparation of silicon and on fabrication of crystal diodes.

After the war, this interest in crystal diodes was continued and led eventually to develop-

ment of the transistor and the solar cell. The experimental work was the basis for

significant advances in the theory which also came from Bell Laboratories, notably by

Brattain, Barden, Shockley, and others.

Meyerhoff (159) conclusively established that for metallic contacts to n- and p-type sili-

con, the experimental facts did not fit the theory of the junction electrical properties.

The disparity arose over the question of the relation between barrier height E V o in

Eq. (18) _] and the work function differences between the metal and the semiconductor.

Whereas Brattain, as quoted by Bardeen (160), had found a correlation between work

function difference and rectification for metal contacts evaporated onto cuprous oxide,
?vTpxrprhaff fn,,nd na on_rplntlnn hptwpRn wnrk fun¢_ti(m dlffRr_no._ unr] hurri_" h_,ip'ht, hut

rather, the same metal could make a rectifying contact to both n- and p-type silicon,

only the direction of easy current flow being reversed by the semiconductor type change.
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Bardeen (160) accounted for this behavior by considering surface states lying inside the

forbidden band. Surface states are energy levels associated with the properties of a

semiconductor surface, and are physically located there. They may or may not be

associated with impurity atoms. Bardeen assumed the surface states to be both acceptor

and donor type levels distributed over a range of energies in the forbidden band, but no

assumption about the form of the distribution was made. Most of the donor levels lying

above the Fermi level Ef will be vacant, and the remaining ions will provide a positive

charge at the surface. Similarly, most of the acceptor levels lying below the Fermi

level will be occupied by electrons, and will provide a negative charge at the surface.

Acceptor levels above the Fermi level and donor levels below the Fermi level, will be

largely un-ionized and thus electrically neutral. Hence, an energy E o may be defined

for which, according to the Fermi function, the number of ionized surface donor levels

above E o equals the number of ionized surface acceptor levels below E o, when the

Fermi level would be at Eo Esee Figure 21(a)3. The magnitude of E o will therefore be

determined by the distribution of the surface states. In thermal equilibrium, the Fermi

energy must be constant throughout the material. To obtain this condition and simul-

taneously maintain overall charge neutrality in the semiconductor, bending of the valence

and conduction bands in general occurs, as shown in Figure 21(b) for n-type material.

This means that at equilibrium, the net surface charge (caused by Ef _ Eo) is balanced

by a charge near the surface due to ionized donors which are not compensated by free

electrons. Thus a space charge region as created below the surface. For p-type

material, the converse occurs. Now it is clear that if the density of surface states is

high, the difference between Ef and E o need be very small regardless of the doping den-

sity and type of the semiconductor bulk. Hence, the band-bending, and particularly the

barrier height Vo, will be rather independent of the semiconductor properties, provided
the surface state density is high, and the Fermi level in the semiconductor bulk is not

near the center of the gap, which means that the semiconductor properties have to be

strongly influenced by the donors or acceptors. By the same mechanism, when a

metal-semiconductor junction is formed, creating a large density of surface states with

rather uniform distribution, the Fermi level at the semiconductor surface need move

by only a small amount to provide a surface dipole layer of sufficient magnitude to

compensate for the difference in work functions of the metal and semiconductor. Thus,

Vo will again be only little affected by the work function of the metal, in correspondence

with the experimental results of Meyerhoff.

It is interesting to note that Bardeen's paper appears to contain the first mention in a

theoretical context of a junction between p- and n-type regions of the same material.

This reflects the progress made in the preparation of semiconductors, since it was now

possible for the first time to prepare a material with both conductivity types, and,

hence, it became worthwhile to consider theoretically a p-n junction rather than a

metal-semiconductor junction.
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Figure 21(a). Energy levels at semiconductor surface
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Figure 21(b). Formation of band-bending at semiconductor surface,after Bardeen

Sosnowski (132) appears to have been the first to publish results of an analysis of p-n

junction behavior. However, Sosnowski considered the case of a very narrow junction

region, with a transition region width less than the scattering length for carrier-lattice

interactions. (Sosnowski's analysis is therefore to be contrasted with the results of

Shockley, whose analysis concerned a junction sufficiently wide so that diffusion effects

occurred in the junction region. ) In the result of Sosnowski's theory the hole and elec-

tron currents followed the familiar exponentialdependence on applied bias, leading to the

rectifier characteristic. This analysis was performed to describe experimental effects

seen in lead sulfide. The specimens were thin layers, with localized "excess" and

"defect" characteristics, the p- and n-regions arising from oxygen impurity and excess

lead, respectively. These specimens were photosensitive, and further mention of this
work will be found in Section IV-E below.

The results of the most important theoretical work on p-n junction characteristics were

published by Shockley in 1949 (161). As these results are the basis for much of the

present understanding and viewpoints on p-n junction behavior, they will be considered
in some detail.
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The band structure of the semiconductor under consideration is shownin Figure 22,7
for various situations.

It is convenient to define an electrostatic potential $, midway between the valence and
conduction bands. At thermal equilibrium, the hole and electron densities in the valence
and conduction bands, respectively, are determined by the Fermi energy, and the
electrostatic potential according to the expressions:

q (_) - El) '
p = n. exp (20)1 kT

q (El -_4
n -- n. exp (21)

1 kT

/I/// Ec

INTRINSIC .......... Ef =
MATERIAL

77-T7 / Ev

Z_/_"_/ / __ E c

Ef
n- TYPE

MATERIAl_ .....

7-777 / ...... Ev

Figure 22.

LJ_l: Z __ Ec

p-TYPE
MATERIAL --

Ef

TZTTY ............ Ev

Band structures of semiconductor of various conductivity types

7To maintain consistency in this report, electron energy is plotted as increasing in the

positive direction on the ordinate. Shockley's original diagram was plotted in the in-

verted sense.
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where

ni = free electron density in intrinsic material
n = free electron density in extrinsic material

p = free hole density in extrinsic material.

One observes that Eqs. (20) and (21) apply for the "nondegenerate" case, where the

Fermi function can be described by the Maxwell-Boltzmann distribution (see Section D-1

above). This provides commonality with Schottky's and MotPs work, and as before, the

exponential I-V curve arises from this basic relationship. In the nonequilibrium case,

existing, for instance, when excess holes are present in n-type material, the distribu-

tion of electrons and holes in the conduction and valence bands cannot strictly be

described by a Fermi level.

However, in analogy to Eqs. (20) and (21), two separate quasi-Fermi levels can be used

to describe the non equilibrium densities of holes and electrons, as exemplified in Figure 23.

p = ni exp kT (22)

q(Efn - _)
n = n. exp (23)1 kT

Currents in the semiconductor may arise either from nonuniform carrier distribution

(diffusion effects} or from electrostatic potential gradients (drift effects}. Hence, the

hole and electron currents are described by

I = q - _pp V$)P (DpVp (24)

In = bq (DpYn + DpnV_) (25)

where

Dp = hole mobility

Dp = diffusion constant for holes
b = ratio of electron to hole mobility

Noting that

P kT (Einstein relation}, (26)
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Eqs. (24) and (25) can be rewritten using Eqs. (22) and (23):

I = qiZppP Efp (27)

I = qb , (28)
n /._p n VE fn

If it is assumed that all acceptors and donors are ionized, then the net charge density at

a point in the semiconductor is

P = q (p-n+ N d -Na) (29)

where

N d = local donor density

N = local acceptor density
a

(30)

///I

IN EQUILIBRIUM

Ec

Ef

//// Ev

//// Ec

Efn
WITH INJECTED

ELECTRONS Efp
6 HOLES ....

//// Ev

Figure 23. Energy levels in n-type semiconductor in thermal equilibrium,

and with injected carriers
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Considering a semiconductor in which the values of N a and Nd are spatially varying,
so that a junction between p- and n-type regions exists, Shockley showed that two cases
can be obtained:

(i) If N a and N d change sufficiently slowly in moving spatially through the

material, the changes caused by ionization of the acceptors and donors are

neutralized by the presence of balancing charges frbm the free carriers

(ii) If N a and Nd change rapidly, then this charge balancing does not occur, and

localized net space charge densities exist in the junction region.

It is convenient to set Ef = 0 under equilibrium conditions. Now Poisson's equation re-

lates the charge density to the electric field:

_72_ = 4?rp
K (31)

where

K = dielectric constant

Substituting for P from Eq. (29), Eq. (31) can be integrated twice to yield the potential

distribution in the junction region. Two boundary conditions are needed: one is applied

by putting _b = 0 at x = 0 (i. e., x = 0 is placed at the center of the junction, where

= 0 coincides with Ef = 0; see Figure 24). The second is applied by putting (d@/dx) = 0

at x = Xm, Xm being the edge of the space-charge layer, where _b assumes the bulk

equilibrium value. Hence, the width of the space-charge layer and the potential distribu-

tion in the layer are obtained in their dependence on the distribution of the fixed charges

N d - N a. In deriving the junction I-V characteristic, Shockley assumed that the diffusion

length for minority carriers is long compared with the transition region width. This is

an important assumption which is not always fulfilled in actual devices, but which facili-

tates the following derivation by making the hole and electron currents remain uniform

across the transition region, which extends between XTn and XTp , as shown in Figure 24,
and serves to illustrate the case under consideration. He also assumed that the

currents are sufficiently small so as not to alter significantly the minority-carrier life-

times and diffusion constants outside the transition region. Shockley's derivation was

done in such a way as to obtain both the dc and ac behavior (particularly the impedance)

of the junction. For solar cell purposes, this is an unnecessary complication, so that

attention shall be confined to the dc component.

The hole density at the point XTn under an applied bias 6q_ = (q/kT)6Ef is given by

q (_ a - Efa - 5 Ef)]p (XTn) = n. exp I (32)
i kT
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Figure 24.
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Band structure and energy levels in a p-n junction at equilibrium

and under forward bias, after Shockley.

= Pn ex_p < q6Ef)kT

edge of transition region

equilibrium hole concentration in the n region

E fn at x : x
a

(33)

5 Ef = Efn - Efp in transition region and the subscript a denotes a value sufficiently far

from the junction that the equilibrium wtlues are obtained; see Figure 24. The hole

current is carried by that part of P(XTn ) which is in excess of the equilibrium value;

i.e., the hole density carrying the hole current is
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Now the current carried by the holes is given by

I

I

I

(34)

(35)

(dp/dx) is governed by the rate at which the excess holes (Po) are removed by recombina-

tion according to the relation: p = Po exp (-X/Lp) so that

dp _ -Po

where Lp = diffusion length for holes in the n-region. Hence,

I

I

I

I

I

i

q%
I (XTn) - • Po (XTn)p Lp (36)

Placing (x = XTn) to obtain Po at this point, and by similar considerations for the electron

current, the total junction current is obtained:

The junction equation can now be re-written in the familiar form

where

I

I

I

V =-SEf .q

I = I + I = qD + Ln _o po no (39)
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By writing, according to Eqs. (20) and (21):

2

n. = Pn x n = pp x ni n p

qDpni2 ( i i .)

I = " - +

o Lpn n L Pn p

(4O)

Thus, I o is seen to depend on the intrinsic carrier density ni, and on the majority-carrier

densities on the two sides of the junction. I o thus is expected to decrease with increasing

Eg (since this reduces n i exponentially), and to decrease with increasing impurity density

(n n and pp_

Shockley then showed that, if there exists a localized region of high recombination rate

in the transition region, an ohmic component of conductance is added in parallel with

the rectifying characteristic of the junction. This will be particularly noticeable in the

reverse characteristic.

Assuming that (i) the ohmic contact to the p-region injects only holes, (ii)the ohmic con-

tact to the n region injects only electrons, (iiD there is no recombination, and (iv) that

the charges introduced into the specimen by changing the applied reverse-bias voltage,

change only the charge distribution at the space charge region of the p-n junction, so that

the direct current flow does not change across the latter, then the device behaves as a

variable capacitor. Shockley derived expressions for the value of the capacitance for two cases:

(i) the linearly graded junction, for which it was shown that I/C 3 is a linear function of

applied voltage, and (ii)the abrupt junction (in which N d and N a are step functions at x = 0),

for which 1/C 2 is a linear function of applied voltage. The capacitance is the only junc-

tion parameter in Shoekley's theory which is dependent on the detail of the junction struc-

ture, and, hence, provides an invaluable diagnostic approach to analysis of p-n junc-

tion geometries. It should be noted, however, that the assumptions used in the deriva-

tion limit the results to the case of reverse bias, and neglect the reverse saturation

current.

Thus, Shoekley provided an equation for the current which would be expected to flow in a

device containing a p-n junction [ Eq. (37) ]. This showed that, provided:

(i) the change in impurity concentration is sufficiently sharp, that local space

charges occur;

(ii) diffusion governs the motion of excess carriers in the material outside of

the space-charge region [ Eqs. (24) and (25) _ :

(iii) the recombination of carriers in the transition region can be neglected

(diffusion length islong compared with the transition region width); and
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(iv) the densities of injected charge carriers are small compared with the

equilibrium values;

then the I-V characteristic of the device depends only on the values of the bulk material

parameters included in Eq. (37), and does not depend on the detailed way in which the

donors and acceptors are distributed in forming the junction.

It is interesting to consider why Shockley's analysis should have proved so valuable in

later work. Naturally, the reasons lie largely in the analytical talents and experience

brought to bear on the problem. Shockley had been working on solid-state theory from

1935 and is cited by Seitz as having made contributions to the latter's work. It also

seems that the experimental work done during the war period at B.T.L., provided a good

working knowledge of the likely values for the various materials parameters. This com-

pilation of data on ionization energies of impurities, carrier densities, lifetimes,

diffusion lengths, mobilities, and junction widths enabled appropriate approximations

and simplifications to be made in the analysis. Thus, a balance could be struck between

a rigorous treatment dealing with every conceivable process (which, even had it been

possible, would have led to intractable solutions), and a solution so simplified as to be
of little value.

Shockley's main contribution appears to have been the application of the solid-state band

theories and the carrier transport equations to a particular physical situation, which

approximates the generally occurring one satisfactorily. Shockley also provided a

unification of existing ideas, giving a synoptic analysis which could be used as a starting

point for later work in a wide variety of fields.

3. Theoryof PhotovoltaicCells

a Photoe//ects at p-n Junctions: During the 1930's, a primary interest in semiconductor

research lay in the photoeffects which were seen in copper-copper oxide photocells.

During this period, Schottky and others provided the basic theory of the photovoltaic

effect, as discussed previously. In the period which followed, the major fields of in-

terest for semiconductor research lay in the use of point-contact metal-semiconductor

diodes for microwave applications, and later in transistor action. Thus, the major

theoretical work was done on diode characteristics, with notable advances being made

in p-n junction theory, an account of which has been given in the preceding section.

Although it was well established that p-n junctions were photosensitive, very little work

was done in this area until experimental work on single-crystal silicon solar cells in-

dicated that the photovoltaic effect could have application to power generation. Work

on the photovoltaic effect and the theory and analysis of devices using the effect then

proliferated. It should be realized, however, that all of these analyses were based on
th_ nr_nn_nfc rlo,T_lr_n_l _l,,_ner fho _l_r urn_l_ nn _nnn_l_ n_.'-i_ _]|_ _r_n fhnN_rh m_n_r
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of those involved appear to have been unaware of this. The account which follows de-

scribes the progress of the theory of the photovoltaic effect, and the next section of this

report describes the progress of device analysis.

As described in Section III-C-2 of this report, Ohl and others at Bell Telephone Lab-

oratories had observed photosensitivity at p-n junctions in silicon about 1940. However,

this observation appears to have not been reported at the time, nor was it followed up

during the wartime work. Hence, it appears that Sosnowski, Starkiewicz, and Simpson,

working at the Admiralty Research Laboratory in England, were the first to report a

photoeffect which was positively identified as occurring at a p-n junction (162-164). The

specimen was lead sulfide, rendered p-type by oxygen impurity and n-type by excess

lead, and the junctions occurred at the grain boundaries in thin layers used as infrared-

sensitive photoconductors. The phenomena were explained by an energy band diagram

for the p-n junction as shown in Figure 25, which is close to presently accepted ideas.

The mechanism proposed for the photovoltaic effect was that electrons are transferred

from the ground state to the conduction band, diffuse across the barrier, lose energy

by collision with the lattice and are thus prevented from returning across the barrier.
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Figure 25. Junction structure in PbS, after Sosnowski et al.
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This hypothesis was checked against experiment for direction of the photovoltage, and

found to be correct. No quantitative analysis was reported, though an analysis of the

I-V characteristic of the junction was provided, as described above. The importantpoint

of this work was the p-n junction band structure, which followed from earlier work, and

probably had been used previously, but which had not appeared in the literature before.

In 1948, Lehovee published the results of theoretical work aimed at giving a comprehen-

sive description of the photovoltaie effect in metal-semiconductor junction cells (1.29),

building on the results of Schottky and Mott. The assumptions underlying the analysis

were:

(i) An "effective barrier layer width" can be defined in a metal-semiconductor

junction cell, and only carriers released in this region contribute to ex-

ternal current. This region may be approximately equal to the barrier

region width determined by capacitance measurements.

(ii) Both drift and diffusion contribute to carrier motion.

(iii) Recombination in the active region may be neglected because free carrier

densities are low in this region.

(iv) Absorption of a photon creates both free electrons and free holes, and

these behave in exactly the same way as thermally generated free carriers.

Equating the density of carrier generation (using the exponential fall-off of light in-

tensity with distance-Lambert's law) with the rate of change of current density with

distance E right-hand side of Eq. (41)1 :

J. a 3 exp(-eLx) = 1 d ( dV dn)h"-v " q dx -nq#n d"-x + qDn d"_

where

J = illumination intensity

hV = energy per photon

a = optical absorption constant
-- number of electrons released per photon absorbed

x = distance coordinate

_Zn = electron mobility

D n = electron diffusion constant

This equation was solved to give a general "equation of state":

(41)

S3



( . 8A +I= n q/aF _ ex:p(qV/kT)-i
0

(42)

with

1
A - exp (c_d)

( °k_lt+ q--_

and

F = absolute value of fieldintensity at x =

V = V +_ In
o q

V o = barrier height

n o = electron density at x = 0

n d = electron density at x = d

d = "effective thickness" of barrier layer
I = current

Equation (42) has the general form of the presently used equation for the description of

the solar cell characteristics. The first term of the left-hand side of Eq. (42)

represents the light-generated current, the right-hand side the diode current. Lehovec

pointed out that A effectively governs the quantum yield of the device. A = 1 is obtained

if all incident quanta are absorbed in the active region, and all electrons generated
are collected.

Working from Eq. {42), Lehovec showed that:

(i) The predicted photovoltage and photocurrent directions agreed with ex-

periment for both p- and n-type semiconductors.

(ii) For J = 0, the dark de characteristic of the device was given.

(iii) The short-circuit current (Isc)was directly proportional to the lightin-

tensity.

(iv) The open-circuit voltage (Voc) was proportional to J for V "-" kT/q, and

proportional to log (J) for V > kT/q.

Although these results had been obtained before by separate analyses, Lehovec's major

contribution was to derive all of these major device characteristics from a unified

starting point.
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Lehovec also pointed out that it is useful to consider a maximum power point on the

characteristic curve, and that an approximation' to the maximum available power

(Pmax) is the Voc x Isc product, though this will be higher than the actual value. It

was also pointed out that Pmax increases as (j2) at very low light intensities

(Voc << kT/q), and as J x log (J)at high light intensities (Voe > kT/q).

The most important points made by Lehovec were:

(i) The photons must create free carriers of both types if an external current

is to be obtained.

(ii) Consideration of a maximum power point is useful.

Because of the changing technology, interest then moved to p-n junctions, and germanium

devices were studied almost exclusively during the 1949-54 period. In 1949 and 1950,

Fan (165) and Becker (134) reported work on germanium p-n junction devices, in which

the open-circuit voltage Voc was described by

V -- k___Tin t +_ (43)

oc q po /

where

npo

P

= unilluminated (equilibrium) free electron density

= excess electron density generated by light

This predicted open-circuit voltage was compared with experiment. Since the device

was illuminated at the edge of the junction only (the junction was normal tothe exposed

face), various extraneous effects were introduced (shunting by the unactivated junction,

leading to high temperature sensitivity, and surface recombination effects).

A more advanced germanium p-n junction device was investigated by Ruth and Moyer

(140) and reported in 1954. Here a grown junction was parallel to and about 0.1 mm be-

low the exposed surface. Experiments which measured the power conversion efficiency

of the device confirmed in general the theoretical analysis of Lehovec, showing that

the efficiency increased proportionally to the light intensity under low illumination, and

as the logarithm of the illumination at higher illumination levels. A theoretical analysis

of the current-voltage characteristic and of the photovoltaic performafice of this device

was performed and published early in the same year by Cummerow. A review of this

work is presented in the Section III-D-3-b.

Rothlein and Fowler (138) also presented a theoretical analysis of a germanium photo-

voltaic cell with a junction formed by alloying. The analysis was based on established

concepts, and applied to a device type which is no longer of general interest for power
conversion.
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The publication of the results from the Bell Laboratories work on diffused silicon cells

included a number of similar analyses occurring about the same period, and present-day

discussions on the photovoltaic effect also often include a similar analysis. Both the

equivalent circuit and the derived expressions for I-V characteristics are fundamentally

similar to the work done by Schottky during the early 1930's. An analysis of both the

electron-voltaic and the photovoltaic effects was given by Pfann and van Roosbroeck (141)
in 1954.

The equivalent circuit used is shown in Figure 26. (In the following the symbols and
some of the current directions have been altered to make them consistent with the rest

of this report.) Then

I = ID - IL (44)

where

/ k

R = k_.T_T= d{ _

o qI ° \%/ V=0

R o is the zero-point resistance of the diode, directly related to the saturation current.

V = -IR L (46a)

I

I

I

I

I

I

I

I

I
and the power output

= IV -- I2R LP

To find the load resistance giving maximum power (RL'):

dP
- 0

dR L
(at optimum load)

and hence,

(46b)

I

I

I

I

86



ID

v
f

!

I
V

(

_ RLOAD

Figure 26. Simplified equivalent circuit of a photovoltaic cell

Equation (48) is based on the cell equivalent circuit which neglects R s and Rsh (as shown

in Figure 26), and it is assumed that the diode characteristic obeys Shockley's diffusion
f

theory. Equation (47) must be solved numerically to obtain R L .

Pfann and van Roosbroeck then provided a series of manipulations to simplify the re-

sulting relationships. Thus, they obtained an expression for the maximum power avail-

able, in terms of the optimum load resistance:

P = _ -- In (48)
m RL'

Pfann and van Roosbroeck also provided an analysis of the effect of recombination in

reducing the light-generated current, by intrortlmi._ - ¢_- Q, _.................._ ............. _,_ HuctiL_uiil vlilC_lency of

the eel1, defined as the ratio:

Q number of hole-electron pairs separated by the p-n junction

number of photons absorbed in the semiconductor
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An expression for Q in terms of the junction depth, the surface recombination velocity,
the optical absorption constant for the semiconductor, and the diffusion lengths in the
p- and n-regions, was then given, without derivation, for the case of an infinite base
thickness, with collection based on diffusion only. This appears to be the first detailed
analysis of the quantumefficiency or collection efficiency, as it was called later by
someauthors, basedon semiconductor material properties.

The significance is the realization by these authors, without their stating it, that the
light-generated current density, or the collection efficiency, can be analyzed separately
from the current-voltage characteristic of the device, basedon the linear superposition
of the current. Theseauthors had to solve the samecontinuity equation which Cummerow
used slightly earlier, but the analysis of light generated current only, provided simpler
boundary conditions andeasier manipulation of the solutions. Thus this analysis set the
model for later theories, which included refinements to approximate the actual devices
more closely.

Pfann and van Roosbroeckalso noted that germanium junctions generally follow the
theoretical diode equationwith A = 1:

qv )ID = Io xp_ -1

However, they noted that silicon junctions frequently show values of A> 1.

(49)

Thus, by the end of 1954, the fundamental analyses of both the junction characteristic

and the photovoltaic effect in a p-n junction device were well established. Work from

1955 to the present time has refined these basic results and shown how various im-

perfections in the cells contribute to losses in conversion efficiency.

b. Ultimate Cotl_,ersion E/[iciency: The photovoltaic germanium p-n junction device of Ruth

and Moyer, which showed a sunlight conversion efficiency approaching 1%, stimulated

Cummerow (who was working in the same laboratory of the General Electric Company),

to analyze theoretically the maximum power conversion efficiency achievable with a

germanium device (166). The geometry of the device considered is shown in Figure

27. The illumination generates hole-electron pairs in the semiconductor, but it was

assumed that the rate of generation is not sufficient to substantially alter the majority-

carrier density on either side of the junction. It was also assumed that the width of the

transition (space-charge) region of the junction is much less than the diffusion length of

minority carriers, and also much less than (1/_), the characteristic optical absorption

length in the material.

The Shockley-Read theoryof recombination (a brief account is given in Section IV-A-l)

was then applied to determine the net rate of generation of carriers, accounting for

thermal generation, photon-absorption generation, and recombination through trapping

levels. This net generation was then equated to the spatial rate of change of current,
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which was assumed to occur only by diffusion. This resulted in the general continuity

equation"

gp + g(x) - + D P - 0
P dx 2

for holes in the n-type region, where

= rate of thermal generation of holes in the n-type region
gg_x) rate of hole generation by light absorption in the n-type region

p = nonequilibrium hole concentration in the n-type region

x = spatial coordinate

Dp = diffusion constant for holes in the n-type region.

Now light absorption in the semiconductor will be spatially dependent; hence,

g(x) = go exp(-_x)

(50)

(51)

T LOAD

IVvVvVv_

I

I
I

I
I
I

I
I

I

Figure 27.
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Photovoltaic junction geometry, after Cummerow
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where

go = rate of generation at x-- 0
= optical absorption constant of semiconductor

-2 -1
If H s photons cm . sec fall on the surface plane of the semiconductor, located atx=-d

after reflection by or absorption in the surface electrode have occurred, then the

generation rate at x = 0 is:

go = (_ Hs exp (- (_d_ ) (52)

Equations (51) and (52) were substituted into Eq. (50), which was then solved with

boundary conditions suitable for a particular device geometry; e. g., for a device with

either infinite thickness of the base and surface regions, or a device with finite thick-

ness of both regions, but with zero surface recombination velocity at these surfaces 8.

The boundary conditions were:

= exp at x= 0 (53)P Pn

d__p = 0 atx = d andx = d (54)
dx r

or

lim P = Pn
d _ (55)

r

where

Pn -- equilibrium hole concentration in the n-region.

Cummerow then integrated Eq. (50) to provide p as a function of x and V, and obtained

the hole current crossing the junction by applying

I (0)=-qDp P (dP)_x 0 (56)

8Cummerow quoted Hall as a source for this assumption, which appears to be based on

the reflection of minority carriers by an n-n + junction. Although this reflection is

possible in principle, it appears that in practice it is not sufficiently strong to prevent

recombination at ohmic contacts, and an assumption of infinite recombination velocity

at such contacts together with finite recombination velocity at the free front surface has

been used by subsequent workers.
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where

I (0) = hole current atx=0
P

A corresponding derivation provided In(0), the sum of the electron and hole currents then

constituting the total junction current as a function of V. Hence, it was found that

\kT]-1] -qgo L (57)

where L and L' are lengths related to the combined effects of the diffusion lengths for

minority carriers on the two sides of the junction, go is the generation density rate for

hole-electron pairs at the junction by photon absorption, and g is a term containing the

sum of the thermal generation density rates for minority carriers on both sides of the

junction. The first term on the right-hand side is consistent with Shockley's expression

for the characteristic of diodes based on diffusion and recombination of injected carriers

on both sides of the transition region, as discussed in Section III-D-2 above, while the

second term gives the light-generated current for the case of not quite realistic boundary

conditions.

Thus, Cummerowwas the first to publish a comprehensive analysis of the photovoltaic

effect in pn-junction devices in a valid approach, although it was more cumbersome

than necessary because of the inclusion of the diode characteristic.

Cummerow then derived expressions for the maximum power delivered to an external

load, by straightforward circuit analysis. He proceeded to calculate the theoretical

efficiency by introducing measured material constant values appropriate for germanium.

These included the minority-carrier diffusion lengths and lifetimes, the equilibrium

majority-carrier densities, and one value of optical absorption constant, corresponding

to monochromatic illumination. The results showed an efficiency increasing with in-

creasing junction depth to a broad maximum for d_ = 0.002-0. 004 cm, and increasing
monotonically with increasing illumination level, with _ _ 23% at 0. 002 W. cm -2 and

= 40% at 1 W-cm -2 for 0.01 ohm-cm material, undermonochromatic 1.5-_zm illumina-

tion. Cummerow also showed that increasing the device temperature decreases the con-

version efficiency by dropping the working voltage, using the results for the junction
characteristic.

Later in the same year, after the publication of the performance data for diffused-

junction silicon cells by the Bell Laboratories group, Cummerow extended this original

analysis to consider material constants appropriate to silicon (167), and to include an

integration over the 5760°K blackbody spectrum in place of monochromatic illumination,

Moss (168).
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For material with
-1

2 V-I -i (_ = (Y = 1.00hm
= 1200 cm • • sec n p

n 2 V-I -1 _" = T = 10-5 sec
= 400 cm • • sec n p

P

the efficiency obtained was 17%, neglecting optical reflection from the front face.

Cummerow, in his first paper, also pointed out that increased efficiency could be obtained

by using highly doped material (provided the carrier mobility was not seriously impaired),

and he also felt that material with an energy gap close to the peak of the solar intensity

distribution curve would give the highest theoretical efficiency. Thus, he recommended

use of a semiconductor with an energy gap near 2.0 eV, larger than that of silicon.

This question of the optimum bandgap for solar energ:¢ conversion efficiency has since

been of considerable theoretical interest. The point touched on by Cummerow was

taken up in more detail by Rittner, also in 1954 (169). Rittner used an analysis similar

to that of Cummerow, and plotted conversion efficiency as a function of forbidden band-

gap for several carrier densities in the range N a = N d = 1015 to 1019 cm -3. For

materials with Eg greater than that for silicon, mobility and lifetime values equal to
those of silicon were assumed. The efficiencies shown were those obtained with a

junction at the optimum depth. The results indicated that the optimum bandgap for

solar energy conversion lay around 1.5 - 1.6 eV, and that this would give a maximum

efficiency of about 25% for N d = 1019 cm -3. Hence, Rittner proposed the use of A1Sb as

a promising material for solar energy conversion.

Pfann and van Roosbroeck, working from their photovoltaic effect analysis as described

in Section III-B-3, provided an estimate of maximum theoretical efficiency for a silicon

solar cell operating under earth-surface sunlight. The spectral distribution of sunlight

as published by the Smithsonian Institute 9 was reduced to 89 mW• cm -2 to correspond

to a solar elevation angle of 60 ° from the zenith for an average cloudless day at sea

level, and used to calculate the maximum I L = 40 mA-cm -2. For this calculation, they

neglected surface reflection loss and assumed each photon with energy hv> Eg for
silicon to create a hole-electron pair, as well as a collection efficiency of unity.

Taking a value of R o = 108 ohm" cm 2 (calculated from experimental junction measure-

ment) an efficiency of 18% was calculated to be the maximum theoretically achievable
for a cell of this type.

Thus, by the end of 1954, the fundamental analyses of both the junction characteristic and

the photovoltaic effect at a p-n junction were well established. Work from 1955 to the

present time has refined these basic results, and shown how various imperfections in

the cells contribute to losses in conversion efficiency.

9Smithsonian Meteorological Tables, 6th Rev. Edition, Table 131, (The Smithsonian

Inst., Washington 1951).
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E.THEELECTRON-VOLTAICEFFECTANDRADIATIONDAMAGE

1.SemiconductorDamageand AnnealingStudies

The first studies of the effects of high-energy particle bombardment on the eiectri-

cal properties of germanium and silicon were performed by K. Lark-Horovitz et al. (170,

171). This work was performed at Purdue University and Oak Ridge National Laborato-

ries. The Purduework was initiated around 1947 under the support of a Signal Corps

contract (172). Samples of p- and n-type semiconductor materials were bombarded with

10-MeV deuterons and 20-MeV alpha particles as well as neutrons. The results of the

germanium studies indicated that the conductivity of p-type material tended to increase

under irradiation, while that of n-type material decreased or converted to p-type. This

was found to be true in germanium for all of the types of bombarding particles used.

Deuteron-induced lattice defects were found to anneal out under prolonged heating at

400°C, while those caused by neutron bombardment were not so readily removed. Two

years after the publication by Lark-Horovitz etal.,W. H. Brattain and G. L. Pearson

published an account of their studies on the effects of alpha particle bombardment on

n-type and p-type germanium (173). They found essentially the same trend as the

earlier workers, with conduction electrons being removed from n-type material at a

rate of 78 electrons per alpha particle. After the material had been converted to

p-type, holes (i.e., acceptors) were introduced at a rate of 8.6 per alpha particle. Some

room-temperature annealing was observed. The results were found to agree fairly

well with the theoretical predictions of Seitz. The first electron bombardment studies

were performed by E. Klontz and K. Lark-Horovitz(174) using 0.7 to 2.0-MeV electrons

to irradiate germanium, with results qualitatively similar to those found in the other

studies. There were numerous other studies, both theoretical (175) and experimental

(176), dealing with bombardment and annealing. The large majority of these were con-

cerned with germanium, and only occasionally was silicon investigated, while Cleland

and Crawford (177) published some data on indium arsenide which showed p-type InAs to

be converted to n-type by neutron bombardment.

These studies were not intended to relate directly to the effects of radiation on photo-

voltaic or other devices although some of them were performed on semiconductor

diodes. The discovery and investigation of the electron-voltaic effect, however, brought

about a direct confrontation between the photovoltaic cell and radiation damage long

before the discovery of the Van Allen radiation belts.

2. The Electron-VoltaicEffect

The electron-voltaic effect is the production of a current and voltage at a p-n jun-

tion as a result of bombarding the semiconductor containing the junction with beta par-

ticles (see Figure 28). It is the analog of the photovoltaic effect, with the difference that

the electrons take the place of the photons. In this case each electron ionizes a number

of atoms, giving rise to an electronic "gain". The observation of an electron-voltaic

effect was first made by Ehrenberg, Long, and West (178) in 1951, using selenium and
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Figure 28. Schematic of electron-voltaic cell

copper oxide photovoltaic cells. The selenium cell was bombarded with a stream of

electrons whose energy could be varied between zero and 80 keV. The maximum current

gain was obtained with 50-keV electrons. Using a bombarding current density of

approximately 10 -8 A'em -2 a gain (i.e., the ratio of electron-voltaic to bombardment

current) of 500 was obtained for the electron-voltaic current at 50 keV and with a load

of 700 ohms. The gain was found to be lower when higher bombardment currents were

used. The energy dependence of the gain was thought to correlate with the penetration

depth, and thus was dependent on device characteristics through the collection efficiency.

To measure the effect on copper oxide cells, the authors found that it was necessary to

remove some of the oxide layer. The threshold energy for observation of the electron-

voltaic effect with the copper oxide cell was about 60 keVo From this point the gain in-

creased with electron bombardment energy, reaching a value of 150 at 90 keV. These

results were interpreted to indicate that the sensitive region of the copper oxide photo-

cell was at the copper-copper oxide interface.

The first published account of the electron-voltaic effect in silicon and germanium was

given by Rappaport early in 1954(179). Working under an Air Force contract, Rappaport

used alloy junctions on germanium and silicon wafers with a 50 millicurie Sr 90 _y90

radioactive source (average beta particle energy 0.7 MeV) for bombardment. The silicon

p-n junctions gave a maximum open-circuit voltage of 250 mV and a short-circuit
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current of 10-5A. This corresponded to a current gain of 1.5 x105 (beta current was

3.2 x 10-10A), giving a "cost" figure for carrier production of 4.7 eV per charge carrier.

Used as an energy conversion unit in conjunction with a radioactive source with an

available power of 200 t_W, a single silicon junction gave an output of 0.8 _tW into a

matched 10,000-ohm load - an efficiency of 0.4%. Based on calculations for a wafer

of optimum thickness, an efficiency of 2% was predicted.

Factors other than wafer thickness lowering the efficiency were high reverse saturation

currents, bulk and surface recombination, backscattering, etc. Using the same source

with germanium an open-circuit voltage of 30 mV and a short-circuit current of 2 x 10 -5 A

were obtained. The current gain was 1.9 x 105, with a "cost factor" of 3.7 eV per charge

carrier. One of the junctions was used to power a transistorized audio oscillator. Such

a power supply was expected to have a potentially long life; however, radiation damage

effects were being noted which, it was felt, would tend to limit this lifetime. Later in the

same year, Rappaport reported some results which confirmed, rather dramatically,

this anticipation(180). He had found that the open-circuit voltage of the electron-voltaic

cells could drop by as much as a factor of two during a 1-hour exposure to the 50 milli-

curie Sr 90 _y90 beta source. This exposure was determined to correspond to a change

in the number of defects present by 1011 cm -3. As a result of these observations and

of changes observed in the rectifier characteristics, it was concluded that minority-carrier

lifetime is extremely sensitive to radiation damage.

During the same year, Pfann and van Roosbroeck published the independent work dealing

with both the photovoltaic and electron-voltaic energy conversion capabilities of p-n

junctions (141), which was discussed in Section III-D-3. Silicon electron-voltaic cells

were shown to be more efficient than germanium cells, both theoretically and experiment-

ally. An estimate of the theoretical idealized efficiencies gave a figure of 2.4% for sili-

con and 0.034% for germanium. Germanium, however, has a higher threshold (0.63 MeV)

for radiation damage than silicon (0.3 MeV). A silicon electron-voltaic cell showed a

decrease of 45% in short-circuit current over a two-day period of operation. Some of this

damage tended to anneal out, and after five weeks at room temperature the short-circuit

current returned to 62% of its original value. The possible use of absorbers to provide

partial or total protection was considered but the reduction in efficiency associated with

this protection was considerable. For the case of the complete protection, the ideal

overall efficiency was calculated to be reduced to 5.8 x 10 -7 percent (germanium).

In 1959 Loferski and Rappaport published some preliminary work relating lifetime and

short-circuit current changes to the properties of the defects (181). They developed an

expression connecting short-circuit current with bombardment time. Using this ex-

pression in analyzing their experimental data, Loferski and Rappaport determined that the

energy, ELmin, necessary to displace an atom irreversibly from its normal position was,

in the case of germanium ELmin <__23 eV, and in the case of silicon ELmin < 27.6 eV.

A comprehensive discussion of the results of this work on the electron-voltaic effect was

given by Rappaport et al. in an additional publication (182). Although the electron-voltaic

cell has not proven useful for present-day applications because of various factors such
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as weight, lifetime, and efficiency, these early studies led to a fundamental understanding
of the nature and effects of radiation damagein semiconductor devices and, in particular,
in the electron-voltaic cell which is structurally very similar to the photovoltaic cell.
This knowledgewas to prove extremely valuable later whenthe adventof the space age
brought large-scale application of photovoltaic cells in space,where they were exposed
to radiation, predominantly from the then discovered radiation belts surrounding the earth.
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IV. CONTEMPORARYDEVELOPMENTS(1955-PRESENT)
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GLOSSARY OF SYMBOLS FOR SECTION IV

rate constant in emission

process

empirical constant in the

diode equation

velocity of light

accepter energy level

barrier height

energy at bottom edge of con-

duction band

Fermi level energy

intrinsic Fermi energy

quasi-Fermi level energy for

el ec t ron s

quasi-Fermi level energy for

holes

quasi-Fermi energy for trap

occupancy

width of forbidden band-

gap

energy gap of cubic

material

energy gap of hexagonal

material

energy level of trap

energy at upper edge of

,alenee band

ratio of radiative to

non- radiative processes

fraction of traps

occupied by electrons

fraction of traps

unoccupied by electrons

fill-factor

rate of radiative recombination

rate of radiative recombination

at equilibrium

carrier pair generation rate per

unit area of cell exposed to sun

Planek's constant

current

junction current under reverse

bias

light-generated current

muximum-power-point current

reverse saturation current

experimental reverse saturation

current

theoretical reverse saturation

current

junction current arising from

recombination and generation in

the depl etion region

short-circuit current

,Ise shot't-circuit current density

k lloltzmann's constant

L ° ndnoritv-carrier diffusion

length

L(V) ratio of incident flux to flux

emitted by a black body at the

device temperature (function of

frequency)

m path length of sunlight through

atmosphere, referred to normal

incidence

m* effective mass of electrons or

holes

n electron density

ni free electron denaify in
intrinsic semiconductor

material

np equilibrium electron concen-
tration in the p region

npn majority carrier (tensity

n n electron concentration in n
region at c_uilibrium

no equilibriunl electron concen-
tration

nl, n 2 ionized impurity concentra-
tions

n I electron density in conduc-

tion band when Efn - E t

N energy fhLx, or photon flux,

in context

Ne density of staten in conduc-
tion band

Nv density of states in valence
band

p free hole density in

extrinsic sendconductor

material

Pn equilibrium hole concentra-
tion in n region

Po cquilibriunl hole coneoltra-
tion

pp hole concentration in p
region at equilibrium

Pl hole density in valence band

when Efp = E t

q electronic charge

Q heat flux

Qc nulnber of photons absorbed at
cell surface per unit time

per unit area

Qs carrier generation rate per

unit area of cell exposed to sun

R s series resistance

Rsh shunt resistance

R(O) rate of generation of bole-

eIectron pal rs by thermal

processes

R(V) rate of recombination of hoh,-

electron pat rs by non-radiative

processes

S aperture width in grid

t diffused region thickness

T al)solute lempel'aturc, or

grid line width, in context

T cell absolute temperature
c

T s sun ti,mperature

T 1 black-body absolute temperature
giving spectral distribution

closest to solar spectrum

U net rate of change of electron

or hole density

Ucn net rat(! of change of electron
density

Ucp net rate of change of hole density

V voltage

VGa localized energy level arising
from presence of gallium atom

Vm m_ximun_-power-point voltage

Voc open-el reuit voltage

Vp localized energy level
arising from presence of

[)hosphorus atom

w precipitable water vapor

in atmosphere (cm. I

W space-charge region width, or

solar cell width, in context

carrier generation rate

rocoml)ination rate constant

nel rate of ener_' loss

A E energy difference

&E t,
A Eo. ine rein ental

A E3 _ photovoltages

ZXn excess electron concentra-

tion

_p excess hole concentration

_'/m a-x maximum efficiency

V frequency

Vg photon frequency at
absorption edge of

material

¢ intcgt'ated radiation flux

i excess carrier lifetime
in intrinsic material

*/'no lifetime of electrons in-

jected into p-type material

_'o minority carrier lifetime

?'pc lifetime of holes injected
into i_-type materia

_D built-in junction voltage
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IV. CONTEMPORARYDEVELOPMENTS(1955-PRESENT)

A. THEORY

1. JunctionCharacteristics

The diffusion theory developed by Shockley explained the experimental facts with good

accuracy for germanium diodes at room temperature. For wider bandgap semiconduc-

tors, however, the experimental results were found to differ from the theory in important

ways. For silicon diodes, the I-V characteristic is generally found to be of the form

I = Io(exp) Eexp (qA----_/-11 (58)

where A > 1, and Io(exp) > Io(theor) ' Io(theor) referring to the saturation current as
determined from the diffusion theory. These two effects were later found to be generally

related, diodes with large Io(exp) values having larger A values, and conversely. The
analysis of Sah, Noyce, and Shockley (183) proved an important advance toward resolving

the problem expressed by Eq. (58) for many practical diodes.

The basis of this analysis was the inclusion of recombination and generation phenomena

through atrapping level in the p-n junction space-charge region, which had been excluded

in the earlier diffusion theory. The effects of direct (band-to-band or radiative) recom-

bination and Auger-type (three-body) recombination were assumed small compared with

the intermediate-level process.

The kinetics of the recombination mechanism, which were investigated and described

earlier by Shockley and Read (184), formed the backbone of this analysis. The following

discussion will attempt to explain the aspects of the Sah-Noyce-Shockley theory (183) as

far as they are relevant to solar cell theory, that is, primarily in their application to a

p-n junction under small forward bias. A schematic of the band structure under con-

sideration is shown in Figure 29.

Four processes can occur: (i) An electron drops from the conduction band into the trap,

to recombine with a trapped hole. (ii) A trapped electron is emitted into the conduction

band. (iii) A trapped electron drops into a hole in the valence band and recombines.

(iv) An electron is emitted into the trap from the valence band (a process equivalent to a

trapped hole being emitted into the valence band).

For process (i)

Trapping rate = n ftp/_'no
(59)

97



where

n

ftp

T
no

Now:

where
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Figure 29. Energy band scheme for a semiconductor with trapping

levels, after Sah et al.

= density of electrons in the conduction band

= fraction of traps unoccupied by electrons

= lifetime of electrons injected into p-type material

(60)

ni = intrinsic electron density

Efn = quasi-Fermi energy giving the distribution of electrons in the conduction band

Eli = intrinsic Fermi energy
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It is useful to define an electron density:

n
where

n 1 = density of electrons in conduction band when Efn = E t

E = trap energy (see Figure 29)
t

Combining Eqs. (60) and (61):

n = n I exp

!

!

I

I
I

I
I

I

I
I

I

ft = fraction of traps occupied by electrons = 1 - ftp

then the rate of electron emission can be written as

Emission rate = aft

where a is a rate constant.

By Fermi-Dirac statistics

ft

1

where Eft = quasi-Fermi energy giving occupancy probability for trap level E t.

In thermel equilibrium, Eft = Efn and the trapping and emission rates must be equal.

Under this condition, combining Eqs. (59) and (62-65):

n ftp nl

"r ft _"no no.

(61)

(62)

(63)

(64)

(65)

(66)
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Under nonequilibrium conditions (e.g., electrons injected into p-type material), the
electron trapping rate will exceedthe emission rate, and the net loss rate of electrons
will be

U
en

nftp - nl ft)

T
no

(67)

Similarly, for holes

U
cp

Pft - Pl ftp)

T
po

where

(68)

p = density of holes in valence band

p 1 density of holes in valance band when the Fermi level is at E t (thermal
equilibrium conditions)

Under nonequilibrium but steady-state conditions,

U = U = U (say)
cn cp

Substituting ftp = 1 - ft and solving Eqs. (67) and (68) simultaneously gives

ft = }--- _- _ T
no po no po

(69)

and this can be substituted into Eq. (67) or (68) which gives, because of the thermal

equilibrium condition nlP 1 = ni 2

ni2)/] + (p + pl ) r _ (70)U= (pn- /E(n +nl) Tpo no

This expression was then applied to a p-n junction with simplified parameters, to dem-

onstrate qualitatively the effect of recombination-generation current on the I-V charac-

teristic. The band structures of the three regions of the device under consideration are

shown in Figure 30. To simplify the analysis, it is assumed that the trapping level is at

the intrinsic Fermi level energy in all regions of the device, so that n 1 = Pl = ni"
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Figure 30. Band structures in the three regions of a p-n junction

with trapping levels, after Sah et al.

It is also assumed for simplicity that the minority-carrier densities, lifetimes, and

mobilities are the same in the p- and n-type regions. In a region which is appreciably

p-type, the acceptor concentration must considerably exceed the trap concentration, and,

hence, the equilibrium Fermi level must lie below E t. Thus, in equilibrium most of the

traps are vacant, ready to accept electrons which are injected. Writing

pp = hole concentration in p-region at equilibrium

n = electron concentration in p-region at equilibrium
P

Then, if an excess concentration An of electrons arises by injection into the p-region

n = n -_ _n (71)
P
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To maintain charge neutrality

p = pp+ An (72)

The condition for "small injection" is that the hole concentration is not appreciably altered

by the injection process.

Hence,

pp > > An (73)

and the following conditions apply

= > > Pl = nl (74)P Pp

Substituting into Eq. (70) and neglecting small quantities as indicated by the inequalities

above,

U = An/Vno = (n-np)/rno (75)

Similarly, for the n-region

U = Ap/Vpo = (p-pn)/Vpo (76)

Now for n- and p-regions adjacent to the space-charge region in a reverse-biased junc-

tion, minority carriers generated in these regions will diffuse into the space-charge

region, where they will slide rapidly down the potential gradient and be lost to the region

of opposite conductivity type. Hence, in a p-type region adjacent to the space-charge

region, n will be small, and Eq. (75)becomes

U = -n /T (77)
p no

Similarly, in an n-type region adjacent to the space-charge region

U = -pn/rpo (78)

The negative signs of the recombination rates indicate that a net generation process is

occurring, as would be expected from the physics of the situation.

On the average, all minority carriers (both holes from the n-side and electrons from the

p-side) generated within one diffusion length of the edge of the space-charge region will
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cross the junction, thus giving rise to a total external current under reverse applied

bias voltage of

Id = -2qn L /'1"p o o

per unit area of junction,

where

(79)

n = p
p n

L = minority-carrier diffusion length on both sides of the junction
O

T = T = T
o no po

This diffusion current contribution is that contained in Shockley's earlier theory.

In the space-charge region of the device under reverse bias, as shown in Figure 30,

carriers in both the conduction and valence bands are rapidly removed from the region

by the field. Hence, recombination processes can be neglected in the space-charge

region.

Therefore,

n. >> n=p
1

and

U = -n./2 "r
1 0

(80)

(8 i)

This gives rise to an external current

I = -q Wn./2 r
rg 1 o

per unit area of junction, where W = space-charge region width.

The ratio of the current generated in the space-charge region to that generated by the

diffusion processes is then

I W.
r_gg = _ nl

I d 4n Lp o

(82)

(83)
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2
Putting np= Pn = n. /n1 n

I Wn
rg_ n

Id 4n.L1 0

(84)

For a material such as germanium where ni is large at or above room temperature, this

ratio is typically 0.1. For silicon, however, the ratio can be 103 or higher, which means

that the current generated in the space-charge region dominates over that due to diffusion.

Under reverse bias, where the space-charge re_ion widens, the reverse saturation cur-
rent will not saturate, but will increase with V 1/3 for linearly graded junctions, and

V 1/2 for abrupt junctions.

This effect will be even more pronounced in semiconductors with short minority-carrier

lifetimes {leading to small Lo) and with large bandgaps, resulting in still lower n i values.

Sah et al. pointed out that if generation in the space-charge region dominates the reverse-

bias characteristic, recombination in the same region can be expected to have a large

effect on the forward-bias characteristic. Under conditions of small forward bias, the

band structure of the device is as shown in Figure 31, as discussed in Shockley's original

paper on p-n junction characteristics. At the center of the p-n junction _x = 0 in Figure 31 ],

the carrier concentrations are determined by the deviation of the quasi-Fermi levels by

V/2 from the Fermi level, which at this point is equal to Efi

p = n = n. exp (qV___ (S5)
1 \_KI/

The recombination rate at this point is then

n. exp (qV/2kT)
1

c = (86)
2T

O

Because the minority-carrier concentrations on each side of this center point fall off with

distance, the excess carrier concentration falls off exponentially with a characteristic

length of kT/qE where E is the electric field in the junction. Thus, the recombination

current density is

- (kT/qE)qni exp (q2--_-_ (87)Irg 7
0

If a linear potential gradient across the junction is assumed, then E = ($D - V)/W, where

SD _ built-in voltage of junction.

104

I
l

I

I
I
I
I
I

I

I

I

I
l

I
I

I
I

I
I



I

!
x=O

| I Ec

I

I '-' " '-' " " I o o o o oEt

I ° ° o o o'_-I _-=---'_-_'__
Ev

I
I

I

'Ii

I
I

I
l

I

I
I

Figure 31. Band structure of a p-n junction under small forward bias

As shown by Shockley's original analysis, the diffusion current is given by

2qnp LId _ °ox_(_)
O

(88)

The ratio of recombination current to diffusion current is

Irg=(n .n)Id (%) ($D_V)exp(2 TV) (89)

Again, for junctions in germanium this ratio is normally small, but for junctions in

silicon it can be greater than 1, at low voltages. This theory predicts values of A in Eq.

(58) as high as 2, for the cases where recombination inside the space-charge region

dominates the forward current. Sah, Noyce and Shockley then proceeded to investigate a

more general case, where the trapping level is located at an energy other than the

intrinsic Fermi level. Using Fermi-Dirac statistics, the various carrier concentrations

were determined from the energy levels present, and these were substituted into Eq. (86)

to obtain the recombination rate. This rate was then integrated over the space-charge

region to obtain the recombination-generation current arising in this region. To do this

accurately, a linear variation of electrostatic potential could no longer be assumed (as
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done in the previously discussed case), and the quasi-Fermi levels for holes and elec-
trons had to be knownas functions of distance in the junction region. Numerical methods
had to be used to obtain a solution, and it would be inappropriate to devote the necessary
space to present details here.

The major conclusionswere:

In the region of large reverse bias, the current does not saturate as found in earlier p-n
1/ 3junction theories, but follows a V law for linearly graded junctions and a V 1/2 law

for abrupt junctions.

Under small forward bias, the recombination current density is given by

where

qni 2 sinh(qV/2kT)
I = W x f (b) (90)

2 [(_ D-V)q/kT]
rg (rpo rno)

52

i d5 (91)f (b)
52 + 2b 5 + 1

5
1

with

-qV f Et-Ei 1 in (?°/1 (92)b : exp (2--k-T) cosh _<3_ +2 _-_no!_.l

and

(;i= p____o.o exp 21_T J (93)
51, 2 \ no/

Analysis of this expression for Irg showed that the value of A in Eq. (58) will vary with
the value of applied bias V and will have a maximum value of about 1.75.

The remainder of 8ah, Noyce and Shockley's paper was devoted to analysis of transistor

characteristics, and is of no application to photo-voltaic devices. This account of the

theory has been given in detail because this represents the present status of rigorous

analytical examination of diode characteristics theory. In practice, A values considerably

larger than those which can be accounted for under this theory are observed. Various

106

II
D

I
II

II
II
II
I

II

II

II

II
B

B
II

II
I

i

I



l

I
I

I

I
I

I

I
l

I

I

I
l

I
I

I

I
I

I

explanations have been offered for this phenomenon, but as far as can be determined,

none of these have been analyzed in sufficient detail to allow comparison between theory

and experiment to unambiguously determine the validity or otherwise of the proposals.

These matters are further discussed in the section of this report in which theoretical
research is evaluated.

2. Ultimate ConversionEfficiencies

As described above, a calculation of maximum theoretical efficiency was first

performed by Cummerow, whose results were extended by Rittner. These results

were published on the eve of the announcement of the Bell solar battery, the first prac-

tical silicon cell. Following this event, Prince (145) published an account of the device,

which included a calculation of the theoretical efficiency of silicon cells operated under

earth-surface illumination. Prince's calculation followed these steps:

(i) The short-circuit current Isc was calculated by assuming a unity collection

efficiency and using that portion of the photon flux of earth-surface sunlight

(from an early spectral distribution) for which the photon energies exceed the

bandgap of the semiconductor used, since this determines the minimum energy

required to create hole-electron pairs by photon absorption. He obtained a

value for Isc in silicon of 44 mA-cm -2, which he reduced to a "likely maxi-
mum" of 35 mA.cm -2 to allow for optical reflection losses.

(ii) Io was calculated from Shockley's diffusion analysis of p-n junction behavior,

for a junction formed between a heavily doped p-region and a moderately

doped n-region, using measured values of material constants such as carrier

mobility and lifetime.

(iii)From the I-V characteristic according to diffusionjunction theory, including

results of (i)and (ii)above, the maximum power available was calculated.

After performing these calculations for a variety of bandgaps, Prince was able to plot

theoretical efficiency as a function of semiconductor energy gap. These calculations

were, however, based on empirical semiconductor data obtained for silicon, which

were assumed to apply also for materials with different bandgaps.

Further work in this area has been supported in part by research contracts by govern-

ment agencies; for a summary of the chronology of these, the reader is referred to

Table XVI in Appendix III.

Loferski (185), working under a Singal Corps contract (152) aimed at investigating

materials for photovoitaic power conversion devices, refined the previous analysis.

This work used the solar spectral distributions for various atmospheric conditions

and elevation angles, in their dependence on meteorological factors which alter the

107



sunlight spectral contentas well as that outside the atmosphere. For the ultimate-
efficiency calculations, optical reflection andcollection-efficiency effects were as-
sumednot to contribute losses, and the saturation current Io for the junction was
calculated from the junction diffusion-theory analysis, using measured values for
semiconductor conductionparameters. The analysis was thus, in principle, similar
to those donebefore, but with more accurate sunlight spectra used, providing families
of curves showing conversion efficiency as a function of energy gap, for various air-
mass, water-absorption, and cloud conditions. Further, Loferski considered the
effect of the departures of Io from the values predicted by the diffusion theory, giving
further families of efficiency/bandgap curves for values of Io increased by various
constant factors, as well as for Io _ exp (-Eg/2kT) instead of the normal Io _ exp
(-Eg/kT). These results showedthat the effects of these departures from theory for
Io was to shift the bandgapof the optimum material to higher values for the increased
saturation currents, and to lower values for the Io _ exp (-Eg/2kT) case.

Loferski also investigated the dependenceof collection efficiency on junction depth,
minority-carrier diffusion length, optical absorption constant, and surface recombina-
tion velocity, considering, however, collection from the diffused surface region only.

Vavilov's paper (186), in 1956, appears to be the first mention of efficiency analyses

by Soviet workers. This analysis is a review of the work published by Pfann and van

Roosbroeck and by Rittner, and adds nothing to their results. Similarly, the efficiency

analysis work of Loferski and othei_ Western authors is heavily drawn upon in a Soviet

book containing sections on photovoltaic conversion (187) published in 1958; no new re-

sults (on such analyses) are quoted in this work.

The question of the effect of temperature on the optimum Eg value for solar energy con-
version was taken up by Halsted of the GE Research Laboratory. Results of his analysis

were reported briefly in 1957 (188), in which an analysis based on the methods of Prince

(145) was used to plot solar conversion efficiency (theoretical maximum) as a function of

Eg for temperatures between 300 and 600 °K. The results showed that the optimum Eg
shifts to higher values with increasing temperature, since the loss in Isc with increasing

Eg is more than compensated by the decrease in Io theoretically predicted. Although the
predicted effects on Io are not those seen in practice, experimental work has shown that

GaAs, with a larger bandgap than that of silicon can give higher efficiencies at tem-

peratures above 150cC, even though the silicon cells are more efficient at room tem-

perature.

The same question was taken up in great detail by Rappaport and Wysocki (189, 190),

during work supported by theU.S. Army Signal Corps Research and Development Labora-

tory (191), a continuation of the contract which supported Loferski's analysis. The

analytical approach was essentially that of Loferski, but three types of behavior govern-

ing Io were considered: (i) Io obeying the diffusion theory of Shockley, (ii) Io having
contributions from both diffusion theory and recombination effects as discussed by Sah,
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Noyce, and Shockley (an account is given in IV-A-l), and (iii) Io due wholly to recom-

bination current. The analysis for these three cases then proceeded according to

Loferski's methods, but with measured (or estimated) values for semiconductor param-

eters such as mobility, lifetime, and effective masses, and intrinsic carrier densities

for the materials Ge, Si, InP, GaAs, CdTe, A1Sb, GaAs0.7-P0. 3, GaAs0.5-P0.5, and
CdS. This should be contrasted with the usual assumption of semiconduction parameters

being equal to those of silicon in the analyses of Prince and Wolf. Thus, the results

obtained in this analysis reflect strongly the state of meterials technology at the time

the work was done. Even so, the results follow very much the form expected from

Loferski's work, and the main conclusion is that GaAs should be superior to silicon

for high-temperature use, a prediction borne out by practice, as mentioned above.

This paper was valuable in providing a large number of curves showing the effect of

temperature and the various values of Io on the efficiency.

A logical extension of this type of analysis was given by Wolf and Prince (192, 193},

with a more complete account having been given later by Wolf (194}. Since this work

is probably the most comprehensive of its type, a fairly full discussion will be given,

to compare and contrast with the thermodynamic analysis given later. The cell con-

sidered is a planar p-on-n cell operating under direct sunlight, using the same spectral

distribution as used previously by Prince. The analysis proceeded by the following

steps:

(i) Reflection from the front surface of the cell need be only briefly considered,

since it had been reduced to very low values (about 3%) by the mysterious

black surface layer obtained from the boron trichloride diffusion process, or

could otherwise be reduced to similar values by conventional optical coating

techniques.

(ii) The effect of spectral dependence of optical absorption coefficient has two

principal results. First only photons with energy greater than that required

to create hole-electron pairs (i. e., > Eg) are absorbed in the cell (neglecting
relatively minute free carrier absorption}, and thus the portion of the sun-

light spectrum which is usable for conversion in the cell is dependent on the

bandgap of the semiconductor. Secondly, because the optical absorption coef-

ficient in the hole-electron pair creation region is finite, then in a cell of

finite thickness, some photons potentially able to create hole-electron pairs

will pass through the cell without being absorbed and will thus be lost. This

effect is predominantly found at wavelengths close to the absorption edge,

where the absorption coefficient is smaller. An expression showing the ef-

fects of these two processes was derived using Lambert's law of optical

absorption, and involving the cell thickness and the variation of optical ab-

sorption coefficient with wavelength.
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(iii) Photons having more energy than the minimum needed for hole-electron pair

creation impart all of their energy to the free carriers on absorption, but

very rapid processes cause the free carriers to lose energy by generating

phonons (heat) until they are at the energy corresponding to the band edge

valance band edge (Ev) for holes, conduction band edge (Ec) for electrons.

Thereafter, the only energy available for useful work in the cell corresponds

to the energy separation of the hole-electron pairs, E c - E v = Eg. Because

of (ii) and (iii), semiconductors with small Eg can absorb large numbers of

photons, but each photon absorbed can potentially do only a small amount of

useful work corresponding to Eg. Conversely, semiconductors with larger

bandgaps (Eg) absorb a smaller number of photons, but each photon can po-
tentially do a larger amount of work. Arising from the interaction of these

two competing processes, a plot of usable energy as a function of Eg for

illumination with the spectrum of sunlight shows that a maximum of 46% of

the photon energy is potentially available to do useful work, and that this 46%

occurs for Eg = 0.9 eV.

(iv) Hole-electron pairs are generated in the volume of the cell, but to contribute

to power output, the minority carriers must diffuse to the junction plane of

the cell. Because of the finite diffusion length for minority carriers, this

collection process is not 100% efficient. Wolf and Prince set up and explicitly

solved differential equations describing this process, including both the p-

and n-regions of the cell, Lamberts optical absorption law being used to give

the spatial dependence of carrier generation, and surface recombination in

both regions being accounted for, through the boundary conditions. Thus, the

carrier distributions as a function of distance from the front surface of the

cell were derived. From these, expressions were derived for the output

current contributions from the n- and p-regions as a function of wavelength

of illumination. From these expressions the collection efficiencies as a func-

tion of wavelength, separately for the n-and p-regions, were plotted for a silicon

cell with measured semiconductor parameters. These were added to give the total

collection efficiency, from which the spectral response of the cell can be

derived. A comparison between calculated and measured values for this

function was given in (1937 .

(v) Although in principle the open-circuit voltage Voc of a cell may reach Eg/q

in the limiting case, Voc < Eg/q in practice, and the actual value of Voc

was calculated by Wolf and Prince using Shockley's diffusion theory for junc-

tion behavior, the calculation being essentially identical with that given by

Loferski, as described above. As has already been pointed out, such a calcula-

tion relies on obtaining a value for the reverse saturation current (Io) from

empirical semiconductor parameters. Using Shockley's expressions, Wolf and

Prince calculated a curve showing Voc/Eg as a function of energy gap Eg, it

being assumed that semiconductor parameters such as minority-carrier life-

time and mobility are the same as those measured in silicon;i.e., variations
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in I o occur only by changes in Eg. This is a most important assumption, which

has been made in all calculations of this type by other workers. On this as-

sumption rest all calculations showing that increasing Eg increases Voc; the
validity of this result will be examined in the evaluation of cell theory later in

this report.

(vi) Because of the exponential nature of the theoretical cell I-V characteristic,

the actual cell voltage at the maximum power working point (Vm) is less than

Voc, and for similar reasons, the maximum power point current Im is less

than the short-circuit current Isc, both by amounts which can be calculated
from the cell characteristic. Wolf and Prince calculated a "curve factor" =

(Vm x Im)/(Voc x Isc ) from the cell characteristic, again using Shockley's

diffusion theory for the cell I-V curve.

(vii) Resistive elements in the cell equivalent circuit cause loss of pQwer, but the

effects of shunt resistance Rsh in parallel with the cell junction may be neg-

lected in commercial silicon cells. However, series resistance R s must be

considered, especially since the analysis of (iv) showed that the diffused sur-

face region should be as thin as possible to maximize collection efficiency,

but also, that this tends to increase the contribution of the surface-layer

resistance to the R s of the cell.

Combining the effects (i) through (vii) an expression for overall conversion efficiency

can be derived. In the "ideal cell", where surface reflection is zero, all photons with

energy > Eg are absorbed and produce one hole-electron pair each, where all such

pairs contribute to cell output (i. e., unity collection efficiency), and where Rs = 0, a

maximum efficiency may be calculated, which is a function of Eg because of the effects

described in (ii), (iii), (v) and (vi). Wolf and Prince showed a curve for _Tmax as a

function of Eg, indicating _max = 23.6% for Eg _ 1.3eV, the curve having a rather
broad maximum and being in good agreement with the results of Loferski. Wolf (193)

then goes on to discuss various schemes for improving the conversion efficiencies;

these are discussed later together with proposals by others.

In this section we have seen how successively more comprehensive analyses of ulti-

mate theoretical efficiency were derived for devices made with p-n junctions which

were assumed to operate with characteristics described by Shockley's diffusion theory.

Because these analyses all require values for semiconductor parameters such as life-

time, mobility, and surface recombination velocity, to give numerical results, they

depend on empirical data.

This "practical" type of analysis is to be contrasted with other "theoretical" analyses

which have been derived from thermodynamical arguments, and which are based on

fundamental physical constants to provide numerical e_timate_ of ultimat_ device co_i-

version efficiency.
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The first analysis of this type was performed by Mi{ser, whoseresults were published
in 195710(195).Mi_serconsidered an energy conversion system operating as shown
schematically in Figure 32. The sun is considered to be a black-body at temperature
T1, which produces anenergy flux N12 into the cell. This energy causeshole-electron
pair creation in the semiconductor, and the resulting carrier densities canbe char-
acterized by a temperature T2. Energy is lost from the carriers by three processes:

(i) Radiative hole-electron recombination, whereby photonsare re-emitted from
the semiconductor (N21in Figure 32).

(ii) Nonradiative hole-electron recombination, which gives up heat to the semi-
conductor lattice (N23in Figure 32).

(iii) Hole-electron recombinations which potentially are available to do useful
work (N2M in Figure 32).

Now the most efficient conversion of recombination energy into useful work will occur
when M is a Carnot engine, and the useful energy outputN is then given by

N = (N12 - N21- T - T3/N23 ) x T2
(94)

SUN

T I

CARRIER
POPULATION

NI 2
_ T2

r NZ '

[
N2M

N23

T M

1
N

NM3

LATTICE

]

Figure 32. Energy conversion system, after Mi]ser

10M_ser's treatment is based on thermoelectric arguments which make the analysis of

general application to several different devices, but which are somewhat cumbersome

for use with specifically photovoltaic devices. Hence, the account given here differs

in detail from that of MUser, but the basic arguments are identical.
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Efficiency 7? = N/N12; N12 is fixed, and hence _7 is maximized when N is maximized.

Considering T 3 as fixed, N may be maximized by adjusting T2, remembering that (N21

+ N23 ) is also a function of T2.

Forming dN/dT 2 from Eq. (94) and equating to zero, it can be shown that

d (N21 + N23) ' T 3
= (N12- N21- N23 ) x

dT 2 •_ (_ _) (95)

This specifies the temperature T2 at which maximum conversion efficiency is obtained,

and is derived from purely thermodynamic premises. To apply this to a photovoltaic

converter, it is necessary to know how (N21 + N23) varies with T 2. Miiser then points

out that in a semiconductor under illumination, the electron and hole densities (n and p)

can be characterized by a temperature T 2 such that

-Eg

pn = N Nc v exp I_2 1 (96)

where Nc, N v are the density of states in the conduction and valence bands, respectively

E is the forbidden bandgap
g
k is Boltzmann's constant

In the equilibrium case, for intrinsic material

/k-_/ 2 (97)Pon = N N exp =n.
O C V 1

where T 3 is the equilibrium temperature and Po = no = n..1

If the only recombination mechanism is a direct hole-electron annihilation, then recom-

bination can be described by the expression

dn

d--_"= _ - fl pn (98)

where

dn

is the generation rate (which must include both thermal and photon-induced

generation)

is the recombination constant
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In equilibrium, dn/dt = 0, and hence from Eq. (98)

2
Pono = n.1 = o_/fl (99)

Also from Eq. (96) it can be shown that the recombination is exponential, with a rate for
intrinsic material

1
'7". =

Combining Eqs. (96), (97), (99) and (100) it can be shown that:

n. { I___.gg(13 12)1 }
_ 1 exp - 1

fl (pn-Po no) 2 _"i

(lOO)

(lOl)

Since each electron-hole recombination causes energy Eg to be either radiated from the
cell (for a radiative transition), or given up to the lattice (as thermal energy), then the

rate of loss of energy from the excited electron distribution is (fl pn Eg) per unit volume.
However, thermal excitation processes continually supply energy to the electron dis-

tribution, at a rate (B Po no Eg) per unit volume. Hence, the net rate of loss of energy
per unit volume from an electron distribution is

n.E _ I__ IT_3 T_)I _= EgXB (pn-p ono) - 21-r.g exp -1 (102)
1

Thus A = N21 + N23 in Eq. (95), and by combining Eqs. (95) and (102), the (T2) for maxi-

mum efficiency can be obtained. Then noting that in Figure 32

N2M = N12 - (N21 + N23 ) (103)

N, and hence the efficiency, can be determined. These equations can only be solved by

numerical methods, and aside from noting that he used ri = 10 -4 sec, Mi/ser gives

none of the values of the parameters used in his solutions, so that it is difficult to check

on his calculations for this stage of the analysis. It should be noted that N12 is the energy

imparted to the carrier population by the incident illumination and does not include the

energy in the photons which do not create hole-electron pairs, nor the excess energy

(>Eg) imparted to hole-electrons pairs by photons of energy greater than Eg. The value
of N_12 is obtained by an integration similar to that of Wolf (described above), in which

it is shown that a maximum of 46% of the black-body radiation is available to create the

carrier population under illumination. M{]ser shows in a family of curves how (N/N12)

depends on illumination intensity and Eg, and he states that the maximum theoretical
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efficiency for a silicon cell is 16%. This value is too low, for reasons which are not easy

to ascertain since so little of the calculation is shown. However, a contributory factor

is the "ri value of 10 -4 sec, which is much smaller than that implied by Shockley in a

later analysis.

Rose (196) developed a thermodynamic analysis for the efficiency of the photovoltaic

conversion process in 1960. Where M_iser had ascribed a temperature to the carrier

population in the devices, Rose developed an expression by which the effective tempera-

ture of the incoming photon stream was characterized. This was used to derive an ex-

pression for the maximum voltage which could be developed by a photovoltaic device,

rather than deriving the conversion efficiency. Briefly, the derivation ran as follows.

If the device is illuminated uniformly from all directions by a light flux, then the flux

can be described by a dimensionless number L( v)which is the ratio of the incident

flux of frequency v, per unit area and unit v, to the radiation which would be emitted

by a black-body at the operating temperature of the device, at the same v. Then

f (T 2, _')
L (v) - (104)

f (T 1, Y)

where

const
f (T, v) = (i05)hv

and const = 2 _TV 2/C2 which cancels in the ratio. Equation (104) defines a temperature

T 1 which is characteristic of the incident radiation. For the case of nonuniform illum-

ination, e.g., the sun in a 'cold' sky with no concentration, a geometrical factor will

enter into the calculation of L W), but the analysis remains the same in principle. The

best conversion efficiency will be achieved if a Carnot engine operates with a source

temperature T 1 and a sink temperature T 2 for the conversion process, so that the maxi-

mum power output per unit area is given by

"-"P = Q T2 = [L (v) (T1) T2" 5V (106)

where

Q = net heat flux per second

5v = the frequency range of the incident illumination
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and f(T) is a function relating the number of photons of frequency Y emitted per unit

area and time by a black-body to its temperature T. Thus, the net photon flux onto the

device, per unit area, is

N = (L (u) -1) f (T1) 6v (107)

For a device working at unity quantum efficiency, the output current I = N x q, and for

P = I x V, Eqs. (106) and (107) can be combined to yield

qV = Lv (lO8)

Substituting for T 2 from Eqs. (104) and (105), one obtains

V - 1- -- In ,_xp (_-_- -1+ L (v) - In L (u ( (109)q ) I

EIn general, Eq. (106) must be integrated over the frequency range, if this is wide

enough to cause appreciable changes in L (u).] Rose then goes on to show that for the

high illumination level and low illumination level cases, the usual logarithmic and

linear dependences of V on illumination level are obtained from Eq. (109). Also, a plot

comparing theoretical and experimental dependence of (V) on (L) for a germanium

photovoltaic cell is given, demonstrating the departure from ideal performance, par-

ticularly at low light levels. Clearly, integration of Eq. (106) over the sunlight spectrum,

with insertion of a suitable geometrical factor into Eq. (104), would yield an expression

for the theoretical conversion efficiency of a photovoltaic energy converter. Although

this was not done by Rose, an account of the derivation above has been given here be-

cause the ideas developed in it form part of the basis for the analysis of Shockley below.

A theoretical analysis of the maximum conversion efficiency for a photovoltaic device

was performed by Shockley and Queisser, under contract with the USAF Aeronautical

Systems Command (197): the analysis was also published in 1960 (198) and 1961 (199).

Believing that the analyses of the type described above were of limited use because of

the need for empirical data on semiconductor properties to obtain conversion efficiency

values, Shockley and Queisser derived an expression for cell efficiency from purely

thermodynamic reasoning. The analysis proceeded by the following steps:

(i) The Sun is taken as a 6000 °K black-body, and it is assumed that each photon

of energy _> Eg creates one hole-electron pair from which Eg of energy is
available. The integration process of earlier analyses (e. g., Wolf or M_ser)

is repeated, Shockley's results showing that 44% of the energy is potentially

available (cf. 47% for Wolf's data from the measured solar spectral distribu-

tion, 46% for M_ser's data for a 6000°K black-body).
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(ii) The diode equation and its associated parameters are derived from purely

thermodynamic reasoning: the derivation of a value for Io by this method is
the kernel of the treatment.

(iii)The maximum-power operating point, and the corresponding power, is de-

rived by a curve-analysis method which is essentially conventional, as used

by previous analyses (e. g., Loferski or Wolf).

Thus, the point at which Shockley departs from previous analyses is (ii) above, and

only this portion of the analysis will be covered here.

Five generation and recombination processes were considered as occurring in a semi-

conductor to determine the rate of change of carrier concentration:

(i) Photon-induced generation, caused by the incident illumination.

(ii) The converse of (i), radiative hole-electron recombination.

(iii) Thermal (nonradiative) carrier-generation processes.

(iv) The converse of {iii), nonradiative recombination processes.

(v) Removal of carrier pairs to another region of the device, where they do

useful work (crossing the p-n junction in the cell provides this removal

process).

Expressions for these were derived in turn:

(i) If Qs = carrier generation rate per unit area of cell exposed to the sun, then Qs is

calculated from the Planck distribution integrated to provide the number of photons of

energyhv>E ; i.e.,
-- g

f__ _"
Qs 2

c Eg/h
exp ( -1

S

(110)

where

h = Planck's constant

v = frequency

c = velocity of light

T s = temperature of the Sun (6000 °K)

k = Boltzmann's constant
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It is convenientto put

Qs = Q (Vg, Ts) (111)

Then if each photon with h v > Eg creates one hole-electron pair, the rate of generation

of carrier pairs per unit cell area is Fs where Fs = Qs"

(ii) Consider a cell at a temperature Tc, completely surrounded by a black-body at the

same temperature. Under this thermal-equilibrium condition, the rate at which photons

with energy h v_> Eg are absorbed by the cell must equal the rate at which such photons
are emitted by the cell by the radiative recombination process. For a cell under this

equilibrium condition, Qc photons with h u> Eg are absorbed inunit time per unit area,
where

Qc = Q (Ug, Tc) (112)

Under this condition,

Fco = 2 Qc (113)

where Fco = recombination rate for radiative processes: the factor 2 appears because

the cellhas two sides for both absorption and emission of radiation.

Now this recombination rate is proportional to the product of hole and electron con-

centrations, i.e.,

F = const x
co " Pono

where PA, no, are the equilibrium hole and electron concentrations at equilibrium.
Under ilt_umination,these concentrations become p and n,

F = F np = F exp--V (114)

c co noP ° co V c

where V is the difference in energy between the quasi-Fermi levels for holes and elec-

trons (see Section IV-A-l), and V c = kTc/q. V is the voltage appearing at the cell

terminals.

(iii) and (iv) are accounted for by putting

R (O) =

R (v) =

rate of generation of hole-electron pairs by thermal processes

rate of recombination of hole-electron pairs by nonradiative

processes
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One notes that when V = 0, these processes are equal and thus balance, as required.

(v) If the current provided by the cell is I, then the rate at which carriers are removed

from the active region is -I/q.

In the steady-state condition, the rate of change of carrier concentration is zero, so
that the above processes can be combined

F - F (V) +R (O)- R (V) +I/q = 0 (115)
S C

{One notes that the sign of I in Eq. {115) is negative when the cell is delivering power.)

It is useful to introduce the quantity fc, which is defined as the ratio of the numbers

of radiative to nonradiative recombination-generation currents

F - F (V)
CO C

f = (116)
c F - F (V) + R (O) - R(V)

CO C

In the particularly simple case where the nonradiative processes fit the ideal rectifier

equation (as in germanium, but not silicon), one can put:

V
R(V) = R(O) exPv- (117)

C

Under conditions where the cell is surrounded by a black-body at temperature Tc, the
unilluminated thermal-equilibrium characteristic for the device can be obtained from

Eq. (115) by substituting Eqs. (114) and (117), and noting that in this condition

F = F ; the result is
S co

( v )I = I exp 1 (118)o V-" -
C

where

I = q rF + R (O) ] (119)
O CO

(The sign of I in this equation is the opposite of that in the original paper, to make it

consistent with the remainder of this report.)

The value of I can thus be determined from Eq. (119) by noting that Qc = 1.7 x 10 3
_-2 I t°.... -- _._ T9 -- I An _'_7 _1 _ -- 9(%(% °12 _ l_ c" _,_A_o4-_.7,-_ _-_e.o_c,_F_o o_,-_ *_rc|_:*_f_,4

(fc = 1), this leads to an Io value of 5.4x 10-16A for a 1-cm 2 cell (i.e., 1 cm x

1 cm cell, one surface of which is active, but both surfaces of which contribute to Io).
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Shockleythen usesIo values derived as aboveto calculate maximum efficiency as a
function of Eg. Further, by insertion of various values of fc between1 and 10-12, a
family of efficiency vs. Eg values are generated. Shockleyshows that according to the
aboveanalysis, the maximum theoretical efficiency for a silicon solar cell operating
under direct sunlight (i.e., without concentrators) is 30%.This is considerably higher
than the results calculated by the methods above, and the reasons for this are discussed
by Shockley. Someof the calculations are summarized in Table I.

TABLE I. RESULTSOF ULTIMATE THEORETICAL
EFFICIENCY CALCULATIONS

Illumination Efficiency Of

I

I

I
I

I
I

Author

Cummerow

Rittner

Pfann +

van Roosbroeck

Prince

Loferski

Wolf

MUser

Shockley

Illumination

Sour ce

57 60 ° K (1)

5760 °K (1)

Sunlight

(see text)

AM1 (2)

AM1 (2)

AM1 (2)

6000 °K (1)

6000 °K (i)

Intensity

(mW cm -2)

108

100

86

108

1.06

100

100

Optimum Eg

(eV)

_2

1.50

not calcu-

lated

1.38

1.43

1.26

not calcu-

lated

1.35

(1)

(2)

Black-body

Air-Mass 1 sunlight (m = 1, w = 2)

Silicon Cell

(%)

17

22.5

18

21.7

20.5

21.6

16

3O

I

I
I

I

I

I
I

I

I
The differences in the results of the various theoretical treatments outlined above have

an important bearing on solar cell research, and the reasons for the differences, and

their significance, have been discussed by many authors.

As was pointed out by Loferski (200), numerical differences arise between essentially

similar analyses if the spectral distributions used in the calculations differ. For this
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reason, type and intensity of illumination must be specified in comparing divergent re-

sults, and this is just as important in theoretical as in experimental work. From the

theoretical viewpoint, however, there are more fundamental differences between

various analyses, and these we shall discuss here.

The basic divergence of all theories of solar cells stems from the value to be assigned
to the reverse saturation current I and the factor A, in the diode equation

O'

qv )I = Io :xp _-] (120)

Workers have taken four discernible positions on these; in the ideal cell:

(i) Io should be determined by wholly thermodynamic considerations, in which

the only required recombinations are radiative, and A = 1.

(ii) Io should be given by the diffusion theory, and A should be 1.

(iii) Io should be given by recombination theory, and A may have values 1 < A < 2.

(iv) Experimentally determined values of Io and A should be used, since none of

the above theories comes near to describing results seen in practice.

Clearly, (i) and (iv) represent extreme opifiions, and most workers take a position sit-

ting on one of the fences dividing the possible dogmas.

Shockley and Queisser have defended the position that the only fundamentally required

recombination processes are radiative, and that nonradiative recombinations may be

regarded as "imperfection effects", an exception being made for Auger-process re-

combination. 11 The possibility of Auger-processes modifying the I-V curve to produce

the experimentally observed diode characteristic was very fully examined by P.T.

Landsberg, working with Shockley and Queisser, the results being reported in
Reference (201). 12

11In which energy and momentum are conserved in the recombination process by re-

quiring that three carriers be involved. In the more usual nonradiative recombina-

tion processes, a large number of phonons must be produced to obtain this con-
servation.

12Note that in ASD-TDR-62-776, the text reference to Figure 19 on page 71 should be

changed to Figure 18; also note that in the Figures, the graphs of 18 and 19 should

be interchanged, but not the captions.
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This work showedthat although changesin the slope of the diode characteristic could be
obtained if Auger processes were present, the changesare much too small to account
for the experimental facts. Landsberg has also pointed out (202)that Auger effects prob-
ably becomeless significant as Eg increases. Since the major interest in solar cell
theory is in materials with Eg greater than that for silicon, it appears that Auger effects
probably do not play an important role in determining the efficiency of the cells.

As discussed in SectionIV-A-l, Sah, Noyce, and Shockleyshowedthat in the diode equa-
tion, A values between1 and 2 could be accountedfor by recombination-generation in the
depletion region. ShockleyandHenley (203) pointed out that if the recombination site
density were position-dependent, andif the maximum-recombination plane in the deple-
tion region moved to lower recombination-site densities under increasing forward bias,
thenvalues of A > 2 could result. This mechanism wasanalyzed in detail by Shockley
and Queisser, under their USAF-fundedstudy contract (201), and it was shownthat if
physically reasonable values were assumedfor (i) the rate of changeof recombination-
site density with distance, and (ii) the ratio of hole-to-electron interaction cross sec-
tions for the recombination center, then this mechanism could not account for the ex-
perimentally observedvalues of A.

Wolf (194) has pointed out that the results seen in solar cell junctions are similar to
those seenby Chynowethand McKay (204) in very narrow junctions in silicon in which
field emission occurs. Shockleyand Queisser (201) discount the possibility of these
effects being related, since the depletion regions in solar cells, although narrow, are
not as small as those studied by Chynowethand McKay. Since the field emission process
is not as yet described by a quantitative theory, it is not possible to demonstrate that
this process is not the cause of the anomalouseffects observed, in the absenceof a
reasonably well-established alternative. Queisser and Shockleyproposed that the mech-
anism leading to high A and Io values was causedby the presence of undesirable
metal impurities in the silicon, introduced either by the use of low-gracle silicon start-
ing material, or during the cell processing steps. By examination of I-V curves of
diodes cut from commercial cells, it was found that junction areas overlaid by contact
regions exhibited characteristics nearer to the ideal. Further, it was shownthat heat
treatments which might causeprecipitation of impurities (andhencetheir removal
from the major active area of the junction), led in some cases to lower A and Io values.
This precipitation effect was postulated as the causeof the soft reverse character-
istics often seen in more efficient commercial cells, a point noted by other workers.
However, a specific mechanism was not advancedto connect the postulated impurities
and the experimental facts, so that a check on this hypothesis has not been made. In
an effort to keep separate the historical account and the evaluation phases of the pres-
ent research, further discussion on this subject (which inevitably involves some
"editorializing"), will be given later.

The comparison of various estimates for maximum theoretical efficiency for solar cells
was reviewed by Loferski (200). The conclusion reached was that none of the quantita-
tive theories fitted thefacts, and that the mechanisms giving rise to the experimentally
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determined Io and A values, and the connection between these, were unknown at the

time the paper was written (1961). This appears to be the same as the present situation.

3. PowerLoss Processes

The fundamental mechanism of operation of the photovoltaic cell has certain power

loss processes associated with it which, even in an ideal cell, cannot be eliminated.

These determine the ultimate theoretical conversion efficiency, and an account of these

has been given in the preceding section. In a real cell, there are other power loss proc-

esses present, which, in principle, could be made as small as desired, but which in

practice cannot, because of the limitations of technology. Considerable analytical work

has been done to identify these processes, and to provide means for calculating their

effects on cell performance. In this section, these loss mechanisms will be qualita-

tively described, and this description will be followed by a historical review of the
analyses which have been performed.

Radiant energy impinging on a real solar cell undergoes a series of transformations

before emerging as useful work output from the cell, and at each of these transfor-

mations, a proportion of the energy is lost. For the purpose of the present discussion,

these processes are summarized in Figure 33; referring to the numbers on the chart:

Optical reflection at the front surface of the cell is assumed zero in ultimate

efficiency calculations and is, in fact, made small (3 to 5%) in the main sensitivity

range of the cell by the application of antireflection coatings, whose action is de-

scribed by well-known optical principles (205}.

@, Q, and @ Electron-hole pair production by the absorption of photons

occurs with a quantum efficiency of as close to unity as can be determined in a normal

cell. However, under sunlight illumination, the majority of photons absorbed possess

more energy than necessary to create hole-electron pairs, and this excess energy is
lost by phonon creation. This is a fundamental loss mechanism, which enters into all

ultimate efficiency calculations as described in the previous section of this report,

and which in effect causes a loss of voltage.

Q In ultimate efficiency calculations, the cell is assumed to be sufficiently thick

to absorb all incoming photons by carrier pair creation. The actual thickness required

in practice to effectively achieve this result varies with the optical absorption constant

of the semiconductor used. For silicon cells, a thickness less than about 16 mils

causes measurable losses in short-circuit current partly because an appreciable num-

ber of photons pass through the cell to be absorbed in the back contact. (If this is

opaque, as is normally the case; if the contact covered only a portion of the cell back,

some of these photons would be internally reflected at the silicon surface, the re-

mainder would be lost by transmission out of the cell.} Some efforts have been made

to reduce this loss by the provision of an optically reflecting back contact, but this
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Figure 33. Energy flow chart for a p-n junction photovoltaic cell
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appears to be incompatible with the requirement for a low-resistance ohmic contact. In

the diagram, photoemission from the back contact has been assumed to be negligible,

which is justifiable since in practical cells only low-energy photons reach this region,

whereas photoemission normally requires rather large energies, and is also normally

characterized by a low quantum efficiency.

ce_ Any photons reflected from the back surface make a second pass through thesome being absorbed to create carrier pairs, some being lost by passing through

the whole cell thickness and out through the front surface.

Q Recombination minority by way an appreciableof carriers of surface-states is

loss mechanism which has been given considerable attention by many workers. Since

the surface region is very thin, diffusion of minority carriers to the surface would be

appreciable, if no fields existed in this region. However, in cells which have the sur-

face region made by the diffusion process, an impurity concentration profile exists

such that a field is present which aids in diffusion of the minority carriers away from

the surface and toward the pn junction. This effect has also been thoroughly examined

by theoretical analyses.

Q Since the back of most cells is covered an ohmic contact atwith which the

minority-carrier lifetime is theoretically zero (and in practice very short indeed, 10 -12

seconds or less), minority carriers which diffuse to this surface are rapidly lost by re-

combination, This process is the second factor contributing to loss of current when

cell thickness is reduced: cf.(5) above. It has been given considerable analytical

attention.

G and (10) in the also includes recombinationBulk recombination (which diagram

in the depletion region) may occur by several mechanisms, some of which are funda-

mentally necessary, some of which are, in principle, avoidable. These processes

have been fully discussed in the previous section of this report.

Q In the ideal cell, the barrier height junction equal energy gapof the is to the of

the semiconductor. In practice, it is less, by the amount £kE = E 1 + E 2 shown in Fig-

ure 34. This effect is minimized by providing large carrier concentrations in both n-

and p-type regions by high donor and acceptor impurity concentrations (other cell pa-

rameters being equal). This effect is seen in real cells, being the reason why silicon

ceils made on 1-ohm.cm base material show better voltage values (for both V m and

Voc) than cells made on 10-ohm-cm base material. This point has received analytical

consideration since the original efficiency analysis of Cummerow.

of hole-electron the depends on the carriersThe separation pairs by junction

moving to a region which minimizes their potential energy. This "sliding down a po-

tential hill" process generates phonons, and is a fundamental necessity in a cell (ex-

cept for operation at absolute zero of temperature, where in theory it tends to zero).

The actual amount of energy lost this way is determined by the Io value of the junc-

tion, which has been discussed in the previous section.
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Q and Q Some forward current in the junction is always present even in ideal

cells. The actual amount of energy lost this way is determined by the value of I o, which
has been discussed in the previous section of this report.

Q Leakage across the junction may be caused by imperfections in the junction,

especially at the edges where ohmic conduction paths are easily formed. A related phe-

nomenon with very different causes is the current caused by recombination in the deple-

tion region, or by any of the other suggested additional-conduction mechanisms in the

junction, such as field emission or tunneling. Some of these processes have been dis-

cussed in the previous section.

Q arises in a real cell by contributions from various cell re-Series resistance

gions. In silicon cells the largest contributor is usually the diffused surface region,

which contributes a distributed resistance. Some analytical treatments have been
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developed for this as a distributed element, but it has more usually been treated as a

lumped circuit element. The development of gridded cells, as described in IV-B-1 has

helped to reduce the magnitude of the losses from this contribution, and an analytical

treatment of the effects of the grids has also been given. Other contributors to the total

series resistance of a cell are the base-region resistivity, and the contact resistances.

These can accurately be considered as lumped circuit elements, and have been always

treated this way.

The way in which methods for the analysis of these effects have been developed during

recent years will now be reviewed. The earliest theoretical efficiency calculations

of Cummerow, Rittner, Chapin and others made note of the ways in which departures

from the ideal cell would lead to lower efficiencies, but quantitative analyses for these

effects were generally not given.

The calculation of the dependence of Isc on wavelength of incident light (i. e., the spec-

tral response) received the earliest complete treatment. The problem is conventionally

approached by a one-dimensional analysis considering the spatial variation of minority-

carrier generation with depth in the cell, using Lambert's law of absorption. The pro-

portion of these carriers which reach the junction is calculated by applying the diffusion

equation, with boundary conditions such that the minority-carrier density at the junc-

tion plane is zero, and with a recombination velocity at the front and back planes of the

cell to account for the surface recombination. An integration is applied over the n- and

p-regions of the device to obtain the Isc value for a given wavelength. To obtain the Isc

value when a cell is operated under broad-band illumination, this calculation must be

repeated to obtain a collection efficiency value for each wavelength used for the illumina-

tion (to allow for variations in optical absorption constant with wavelength), and a sum-

mation must then be performed to account for the dependence of illumination intensity

on wavelength.

A complete analysis of this type was first published by Cummerow (166), although some

assumptions on surface recombination effects made in this paper are not those described

above. Cummerow assumed a reflecting surface for minority carriers at an ohmic con-

tact, probably because an n-to-n + transition (or p-to-p +) gives a field which will tend

to prevent minority carriers from reaching the contact region. Thus, the minority car-

riers are prevented from reaching the zero minority-carrier lifetime region, which

is contrary to the assumptions of other workers. In reality, it seems likely that although

some field-assisted diffusion away from the contact occurs, the process provides only

a small departure from the infinite-recombination-velocity condition usually assumed.

Harten and Schultz (206) used a similar analysis to that given above to show that the

surface recombination velocity and minority-carrier diffusion length can be determined

(207) and by Loferski in 1961 (208).
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The collection efficiency problem was analyzed by Rappaport, Loferski, and Linder

with reference to the electron-voltaic effect (182), and the same analysis was then ap-

plied to photovoltaic cells by Loferski in 1956: the approach is that outlined above. Bir

and Pikus (209) performed essentially the same analysis as Cummerow, and appear to

have been the first to point out that the collection efficiency is maximized if a very

shallow junction is used, when account is taken of surface recombination. This is one

of the fundamental design philosophies for present-day cells. It should be noted that

the work of Cummerow, Harten and Schultz, and Bir and Pikus, was all concerned with

germanium cells. Prince and Wolf (193, 194) applied the above-outlined method in de-

tail to silicon cells, and gave a complete derivation and solution for the relevant equa-

tions, in 1958 and 1960. The collection efficiency problem was analyzed using the above

methods by Moss (210) and by Kleinman (211) in 1961, with special reference to com-

paring GaAs and silicon cells. The results from the two authors are divergent, Moss

showing GaAs superior to silicon, Kleinman showing the converse. The difference

arises from surface recombination effects, which particularly influence the perfor-

mance of cells made with a material having a high optical absorption constant (as GaAs),

since all carriers are generated close to the surface. As noted by Kleinman, however,

the surface recombination effect does not affect GaAs cells as much, in practice, as

one would expect from the analysis. This may be explained in part by field-assisted

diffusion in such cells, as discussed below. Kleinman's approach to solution of the

collection efficiency problem is interesting in that the functions for the spectral dis-

tribution of the incident light and the variation of the optical absorption constant with

wavelength for the semiconductor, are both contained in a single expression which is

integrated to obtain the overall collection efficiency, thus reducing the numerical in-

tegration steps.

The calculations up to 1960 had all assumed that minority carrier motion occurred by

field-free diffusion. In 1960, Subashiev and Pedyash (212, 213), Moizhes (214), and

Jordan and Milnes (215) independently published analyses showing the effect on minority

carrier diffusion of the field produced by the non-uniform impurity concentration in

diffused layer silicon cells. These calculations were based on the fact that an ionized

impurity concentration change from n 1 to n 2 causes a potential difference of V volts
where

kT In (121)
v =

Although the actual potential change is small (_ 0.3 V), the field gradient is large be-

cause the potential change occurs across the thin surface region, causing fields of up

to a few thousand volts per centimeter. A related analysis showing the effect of the dif-

fusion impurity profile on the capacitance-voltage relationship for the junction was

given by Lawrence and Warner (216) in 1960, but the analysis involved the use of num-

erical methods, so that the main value of the work lay in showing the regimes in which

the graded and step junction approximations were reasonably accurate. Dale and Smith

128

I
I

I
I

I
I
1

I
I

I

I

I
I
I
l

!
I

l

I



!

I

I
I

,I

I

i
I

I
I

I

I
I
l

I
I

I
I

I

(217) performed another analysis for spectral response including the surface-field ef-

fect, and also including a short minority-carrier lifetime in the surface region: the

authors then applied the analysis to determine the surface recombination velocity and
lifetime from spectral response measurements. This work therefore is a refinement

of the measurement methods developed by Harten and Schultz (206), Subashiev (207),
and Loferski (208), mentioned above.

In 1963, Wolf (218) showed that the effect of field-assisted diffusion in the surface

region could be approximated with good accuracy by using a field-free analysis with

the minority-carrier lifetime increased by a factor of _ 4.4, thus enabling the simpler

original analysis to be retained. This appears to be the present status concerning col-

lection efficiency theory: one might add that extremely close agreement is now obtained

between theory and practice for most cell types, the notable exception being CdS cells,

where the fundamental operation of the device is not fully understood. The effect of

reducing the cell thickness was analyzed by Wolf (193, 218), by insertion of appro-

priate boundary conditions into the solution of the differential equations for the collec-

tion efficiency. The correlation between this theory and practice was examined by
Wolf and Ralph (219, 220), who found the current to fall with reduced cell thickness

more rapidly in practice than would be expected theoretically. More recently, how-

ever, this correlation has been re-examined by Crabb and Treble (221), who found

better agreement with the theory. Both groups of workers felt that the experimental

results of Wolf and Ralph may have been caused by work damage extending into the

base from the back contact of the cell, thus reducing the effective thickness of the
device.

The second major loss factor which has received considerable theoretical _aluation

is the effect of series resistance on the cell operation. Two areas of work are in-

cluded here, one of which deals with the calculation of power losses caused by lumped-

element effects, the second dealing with the effects arising from the distributed nature

of the thin surface layer. It may be noted that both of these aspects received initial

attention from Schottky during the 1930's (see II-2-b).

The equivalent lumped-element circuit for the cell is as shown in Figure 35(a) for the

ensuing account. Since R s was amajor cause of power loss in the initial cells made at
Bell Laboratories, it is natural that it should be mentioned in the early reports of

Chapin, Fuller, and Pearson (124), although their paper did not give a formal analysis.

The point was taken up in detail by Prince (145), who by conventional analysis from

the circuit of Figure 35(a) showed that the cell characteristic is given by:

(I; IL V-IRs / q (V_IRs)in -- -_ +1 =_-
, u IoRsh ,

(122)
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From this, a family of I-V curves was calculated, showing the effect of various values
of Rs and Rsh, which demonstrated graphically the value of reducing Rs. Neglecting
Rsh (which is reasonablefor most silicon cells), analysis showedthat the power gen-
erated by the device is given by

P =-IV = -I -- In + 1 +IR (123)
O

Thus, the power lost in the series resistance is a separable term in this treatment,

which is an approximation valid for Rs small. Prince calculated a curve showing (power

output) as a function of R s. He also tackled the distributed sheet resistance problem by
the method illustrated in Figure 35(b), where it is assumed that the "average" point

of generation of current is one-quarter of the cell width from the edge. This simplifi-

cation assumes that the potential variation over the surface of the cell is so small as to

negligibly affect the forward current through the junction _ I D in Figure 35(a) ], so that

the net current contributions from all parts of the cell have the same density. Combin-

ing this with the first part of his analysis, and using a very simplified expression for

I L as a function of layer thickness t, Prince calculated a curve showing (power output)

as a function of t for a cell 1 cm wide (W = 1 cm), with no grids. Hence, an R s = 0.5

ohm and a conversion efficiency of 8% was calculated for the optimum t value (_ 2 Dm).

Similarly, Prince analyzed the dependence of the (power per unit area) and the (power

per cell) on W, showing that there was a width giving optimum value for the former,

which for a cell made with the semiconduction parameters measured in silicon, gave

W= 1 cm for normal sunlight operation. This analysis is for an ungridded cell, but it

is related to tl_ grid optimization calculations which came later.

Prince and Wolf (193) analyzed the effects of Rsh, using the methods of Prince de-

scribed above, showing that in practice Rsh became significant only when cells were

made to operate under low illumination levels. Hence, it was shown that a cell with a

deeper diffused surface layer than usual would be better for low-level operation, since

junction leakage effects could be minimized by increasing the surface layer thickness.

Wolf (194) provided a very complete analysis of the effects of various losses on cell

performance, and followed the treatment of Prince for calculating the loss of power

caused by a lumped R s in the equivalent circuit Figure 35(a). However, gridded cells

had now become the standard production type, and Wolf analyzed the effect of the grid

geometry on the contribution of the distributed surface-layer and grid lines to R s. The
treatment followed the approximation of Prince in assuming an "average" current

generation point one-quarter of the unit field width (S/4) from the grid line, as in

Figure 35(b). However, PrineeVs cell now became, in effect, one "field unit" in the

gridded cell, as shown in Figure 36. Using the same reasoning as was applied to the

surface layer R s contribution, the "effective length" of the grid line is taken to be
W/2 for subsequent analysis. (Note that PrinceVs W has become WolfVs S.) Wolf then

performed an analysis which resulted in expressions for the values of W, S, and T

which would minimize R s .
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Figure 35(a). Equivalent circuit for a solar cell
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Figure 35(b). Cross section of a solar cell, showing dimensions as

used by Prince for R calculation
S
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Figure 36. Cell geometry used by Wolf for R calculation
S

This analysis is in error in the assumption that minimizing R s maximizes cell effi-

ciency (since altering the cell dimensionally alters the output current flowing through

Rs, and the power loss is determined by I2Rs). This point was picked up by Lamorte

(222}, who provided an alternative analysis in which the power per unit area was maxi-

mized by allowing the grid spacing to vary, the grid line width remaining constant

(i. e., S variable, T constant in the nomenclature of Figure 36}. Lamorte assumed a

linear variation of voltage over the cell surface, a questionable assumption justified

by experimental measurements on GaAs cells, but a necessary one to provide a tract-

able analysis. Lamorte's analysis also neglects the resistance of the grid line, which

may be justified for small solder-dipped Si and GaAs cells, but which invalidates the

analysis for other cell types (e.g., evaporated-grid silicon cells without solder dip,

or thin-film cells of the CdS type}. Lamorte also makes no statement as to how the

grid line width T should be chosen, a point which will be analyzed later in this work.
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Lamorte's analysis proceeds by deriving an expression for power output from the cell

in terms of the grid geometry and diode equation parameters and the light-generated

current density and cell terminal voltage. This is then maximized by the usual methods,

providing an expression giving the optimum S value for a given terminal voltage. How-

ever, to obtain solutions for the more general case where the cell operating voltage is

also optimized, the calculation must be repeated over a range of terminal voltage values

to provide simultaneously optimum values for both S and V. It should be pointed out,

ho_vever, that the variation of S and V is probably slow in the range of most real cells,

so that this lack of generality is not a serious objection to application of the analysis
to real problems.

Theoretical calculations showing the effectof R s on cellefficiency were performed at

RCA Laboratories under a Signal Corps contract (191) during 1958-60 with special

reference to GaAs cells;this aspect of the work under this contract was later published

by Wysocki (223). In this analysis, the sheet resistance was analyzed truly as a dis-

tributed effect.It resulted in nonlinear differentialequations for which numerical

methods of solution were used. From such solutions, Wysocki plotted various curves

showing how cell performance was influenced by the sheet resistance of the diffused

layer. The same analysis was also reported by Moizhes (214) in 1960.

In 1967, Handy (224) reported the results of a theoretical analysis of the contributions

to R s of the various regions of a gridded solar cell, including an allowance for cur-

rent paths from the surface layer direct to the contact strip without going through the

grid line (see Figure 37), a point assumed negligible by Wolf and by Lamorte. Handy

also provided an equivalent circuit for the R s contributions, which was used in 1963 by

Ralph and Berman (225) (with acknowledgment to Handy) as part of an experiment to

correlate Wolf's theory for grid optimization with practice. This theory provided an

optimum grid line thickness less than that technically feasible, so that this work was

not as stringent a test of the theory as it might have been, especially as the experi-

ments showed a scatter in results which was more than large enough to mask the ef-

fects being analyzed. This is the present situation with regard to the effects of R s on
cell efficiency.

The remaining practical consideration which has been examined theoretically concerns

the impurity concentration in the n- and p-regions. In ultimate theoretical efficiency

analyses, it is assumed that the carrier concentration is such as to bring the Fermi

level Ef to the band edges in the two regions, so that the barrier height in the junction

has a value Eg, as shown in Figure 38(a). In practice, the situation is usually as shown
in Figure 38(5), and this has two effects:

(i) At a given voltage across the cell terminals, the junction current ID in Figure
35(a) is greater. (ii) At a given current output from the cell, the voltage at the cell

generation when the carriers traverse the bent bands at the contacts.
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Figure 37. Current paths in a cell, as used by Handy for R calculation
s

At the maximum power point, both of these effects influence the cell operation. The

value of heavy doping to produce large carrier concentrations and thus bring Ef to E c
and E v was pointed out by Cummerow and other early workers, and the results were

found in practice when cells made on 10-Ohm. cm resistivity base silicon were made

for radiation-resistance testing, such cells exhibiting a Voc and conversion efficiency

lower than those of the 1-Ohm.cm cells previously used. The effect of the doping on

cell performance received particular attention from Subashiev (212, 213), who pointed

out the existence of the Peltier effect in this case. The theoretical and experimental

results agree well on this point, so that further work has not been necessary.

In concluding this section, it is perhaps worth pointing out that the papers of Subashiev

(213) and Wolf (194) provide comprehensive reviews of the ways in which real cells
depart from the ideal.

4. Heterojunctions

Several types of energy-conversion cells based on heterojunctions have been investi-

gated since 1955. These include metal-semiconductor (e.g., Pt-GaAs thin-film cells),

degenerate semiconductor-semiconductor (e.g. ,-CdS and CdTe cells), and semicon-

ductor-semiconductor (e.g., GaP-GaAs cells). For these cells, the major research

effort has been experimental, but the graded bandgap cell is a special case of a
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heterojunction cell, and this has received primarily theoretical attention. In this sec-

tion, the theory underlying these cells types will be discussed.

An account of the development of the theory of metal-semiconductor contacts has

already been given in Sections II-C-2 and III-D-2 above; it appears that this work of

Schottky, Mott, and Bethe has received no further development in recent years, aside

from the consideration of surface-state effects by Bardeen, as described in III-D-2. A

comprehensive and unified account of the present understanding of metal-semiconductor
c;ont_r_ta w_._ o'ixr_n hw i-i_ni._oh {9,9Q_ in I.Q._'7_ Th_ h:and _fl"llohlrp._ nf an i_P_l] m_tnl-

........ _ ...... J .......... \-----I ................................................

semiconductor junction in equilibrium and under photovoltaic operation are shown in

Figures 39(a) and 39(b), with pair creation by absorption of a photon of energy hu

shown schematically. In Figure 39(a) it is shown that the band-bending at the surface
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Figure 39(b). The same, under illumination

causes the Fermi level Ef to be closer to the valence band edge than the conduction band

edge, thus forming a region of opposite conductivity type. This inversion layer is formed

when a blocking metal contact is applied to either a p- or n-type semiconductor, and

gives rise to a junction which behaves in many ways as a p-n junction. In particular,

under illumination the junction exhibits all the characteristics of the p-n junction photo-

voltaic effect, and the cell theory can be analyzed the same way in both cases, the only

change being to insert an appropriate value for Io in the diode equation. For the p-n
junction, I is as given in Section III-D-2:

o
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q i C_p n

1 + 1 g (125)
+ D p) (_ L (_ L exp k---T-

n p p

For the metal-semiconductor junction, in the simplest case:

(k__T,) 1/2I° = npnq 2_m  _EB)exp _ (126)

where

n = majority-carrier density in semiconductor
pn

m* = effective mass of majority carrier in semiconductor

E B = barrier height as shown in Figure (39)

In practice, surface states are normally present, which have the effects described by

Bardeen on E B (see Section II-D-2), and which probably act also as recombination-

generation levels localized at the junction, to cause the effects described by Sah, Noyce

and Shockley, as described in IV-A-1. In addition, image forces act to lower EB, and

tunneling may be present, with the effects described by Henisch (226), leading to higher

junction currents at small forward bias than would be expected from the simple diffu-

sion theory underlying Eq. (126). Again, the same departures from the diffusion theory

are seen in p-n junctions, as discussed in IV-A-1. This is the theory of the Pt-GaAs

cells investigated at RCA Laboratories (227), and the surface-barrier Si cell investi-

gated at Tyco Laboratories (228).

A great deal of experimental work has been done on cells made with a Cu2S-CdS hetero-

junction, cells made with a Cu2Te-CdS heterojunction, and cells made with a Cu2Se-

GaAs heterojunction, as described in Section IV-D. The cells on CdTe and GaAs

behave in a way which indicates that the degenerate Cu2Te and Cu2Se layers behave

essentially as metals, merely providing a contact to an inversion layer present at the
semiconductor surface. Thus, the theory of these cells is assumed to be that developed

for the metal-semiconductor cells described above. For the CdS cells, the behavior

is such as to indicate that either the Cu2S is playing an active role in the cell opera-

tion, or a group of trapping levels in the CdS is markedly influencing the photovoltaic

behavior. This cell type is a special case, for which an accepted theory of operation

has not been developed. An account of the proposed theories is given in the discussion

of this cell in Sections IV-C and V-C.
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Figure 40. Band structure of a heterojunction cell

The heterojunction cell which has had the most analytical attention is the semiconductor-

semiconductor cell. The band-structure of the simplest cell type is shown in Figures

40(a) and (b) in equilibrium and in photovoltaic operation. At first sight, it appears that

such a cell may have a higher ultimate conversion efficiency than the single-energy gap

cell, since the proportion of the photon energies of the solar spectrum which are con-

verted into hole-electron pair energies is higher. However, as can be seen from Fig-

ure 40(b), the voltage developed by the cell is governed by the material with the smaller

bandgap, since (in the case shown) Voc is obtained when the electron current in the for-

ward direction in the conduction band equals the light-generated current. (The case of

p-type large Eg to n-type small Eg would result in the diode forward current consisting

primarily of hole current, the principle remaining the same.) Thus, the device would

have an efficiency no higher than that of a cell made with a p-n junction in the small Eg
material, as was pointed out by Wolf (194).

A more elaborate type of cell was also considered by Wolf, and (in more detail) by

Emtage (229). Emtage considered conduction and photovoltaic processes in a semi-

conductor with a band-structure as shown in Figure 41(a). Under illumination, a volt-

age is developed in such a material aswas shown by Tauc (230), by a mechanism which

138

I
I
l

I

I
I
I

I

I
2



I

I

I

I
I

is illustrated in Figures 41(b) and (c). Emtage derived the equations governing current

flow in such a device, by considering the transport of carriers in a material with

position-dependent conduction parameters. The resulting relationships are complex,

and a summary of the results for photovoltaic operation only will be given here; the

reader is referred to the original paper for the complete analysis.

Consider the specimen under illumination sufficiently high to bring the electron and hole

concentrations into approximate equality. If both carrier types have the same mobility,

then the photovoltage developed is as shown in Figure 41(b) for the open-circuit condi-

tion, the hole and electron currents balancing, as shown, to give zero net current, and

I Eg I - Eg 2
V -

OC 2

I
(127)
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/
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Figure 41. Band structures in a graded-bandgap semiconductor
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Now if the hole mobility is much larger than the electron mobility, the open-circuit volt-
age case is as shownin Figure 41(c), and

V - E - (128)oc gl Eg2

The point made, then, is that at illumination intensities sufficiently high to bring the
minority-carrier concentration into approximate equality with the majority carrier con-
centration, in the caseof very different carrier mobilities, Voc can tend to Eg1 .- Eg2.
Now if a p-n junction is placed at the small bandgapend of the device, as shownm _lg-
ure 42(a), then a photovoltagetending toward Eg1 will be obtained under the conditions
described above, as shownin Figure 41(c). Emtage then considered a cell madeby grading
E_ using the GaAs-InAs alloy system, but concluded that the efficiency is only of the order
oi_20%when the device is operated under concentrated sunlight. If illumination tailored to
the particular devicewere to be used, then the efficiency would improve, which is, of
course, true for all cells. The efficiency is roughly the same for the graded bandgapcell
and thep-n junction cell with energy gap Eg2 because the I-V characteristic of the graded

EgI

/J

/
/

jJ

jJ
jf

(a)

//// Ec

Ef
////Ev

Voc- Eg t _ _._....... //// E"c

,. E t

//// Ec

(b)

Figure 42. Band structure of a graded bandgap p-n junction cell, (a)

in equilibrium, (b) under illumination
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region is linear, leading to a total device characteristic as shown in Figure 43. The

conclusion reached by Emtage for the conversion efficiency is the same as that arrived

at by Wolf, though the analysis is different in the two cases.

The simple band structures used in the analyses of Emtage and Wolf for heterojunctions

are not always valid. Oldham and Milnes (231, 232) have considered the I-V character-

istics of abrupt heterojunctions with interface states present, and Van Ruyven (233) has

used photovoltaic measurements to demonstrate the existence of such states in Ge-GaP

heterojunctions.

It should also be pointed out that GaAs cells have been made with a GaP-GaAs hetero-

junction to allow the active junction to be well below the semiconductor surface, thus

minimizing recombination losses via surface states. The theory of such cells has been

discussed above; the cell behaves, in principle, as a regular p-n junction GaAs cell,

with the same limitation on conversion efficiency, the wide-bandgap GaP merely act-

ing as an optically transmitting conductive layer.
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Figure 43. I-V characteristic of a graded-bandgap p-n junction cell
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5. The Drift-Field Cell

As described in IV-A-3 above, various workers analyzed the effect of the electro-

static field existing in the diffused surface region from the gradient in doping concen-

tration, to discover whether or not this appreciably affected the collection efficiency of

the normal single-crystal silicon solar cell. In 1960, Wright (234) suggested that a

similar drift-field might be built into the base region to aid in the collection of minority

carriers in a cell whose diffusion length was reduced by irradiation. This point was

taken up by Wolf (218) in 1963. The analysis was an extension of that for the field-free

cell, published in 1960 (194). The starting point for the calculation was the continuity

equation for minority carriers, in which the spatial variation (assumed uni-dimensional)

was expressed in terms of generation by photon absorption, loss by recombination, and

divergence of minority carrier current density. This was combined with a charge trans-

port equation containing both drift and diffusion terms, resulting in a differential equa-

tion which was solved with various boundary conditions. The resulting expression is

particularly lengthy, and the reader is referred to the original publication for the de-

tails of the derivation. This account will be limited to a discussion of the underlying

assumptions and the results of the analysis.

1
x

{

The device geometry used in the calculations is as shown in Figure 44, with two regions

on each side of the p-n junction. This two-layer model, which was extended to three

layers in the base region, permitted the calculation to include different values of drift

field, minority carrier life-time, and mobility in the various regions of the cell. This

is an approximation to the real situation, since the minority carrier lifetimes and

mobilities are governed by the doping concentration. A region with a constant electro-

static field contains an exponential distribution of dopant, and hence the minority carrier

lifetimes and mobilities would vary continuously throughout a region with a constant

field, rather than being constant as assumed. However, this simplification is necessary

if tractable results are to be obtained. The three-layer model permitted a step-like

approximation of the real case of graded material values, and thus allowed an estimation

INCIDENT RADIATION

_o SURFACE_ J'_

x:ll i •

x=X

7

7

x=d

Figure 44.

REGION2 _/J

BACK. SURFACE

Device geometry considered in drift-field

cell analysis, after Wolf (218).
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of the effect of their variation within a region. Boundary conditions were chosen to

allow for an infinite surface recombination velocity at the base region contact, and a

finite surface recombination velocity at the top surface of the diffused region.

The major results of the calculations showed:

(a) the effect of the drift field in the diffused region on the collection efficiency

is indistinguishable from that resulting from an increase in the surface region

minority carrier lifetime by a factor of 4.4.

(b) that by appropriate choice of field strength from impurity density gradient and

field region thickness, the radiation resistance of the cell can be optimized

for various integrated flux levels, as shown in Figure 45.

(c) improvement in radiation tolerance by a factor of at least 5 in integrated flux

to reach a Jsc value equal to 75% of the initial value, compared with field-

free cells, can be achieved.

The same type of analysis was performed independently by Cheslow and Kaye of EOS,

and also reported in 1963 (235) under a contract sponsored by the NASA (see Table

XVII in Appendix III). This used a simpler model than that of Wolf, with only single
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base and diffused regions, andwith spatially constant values of mobility, lifetime, and
electric field strength throughout these regions. The results were consequentlyof
limited validity, but they also indicated that increased radiation resistance would be
obtained in certain cases, and optimization calculations were performed. Manyof the
results of this work are especially pertinent to thin silicon cells, andare discussed in
section IV-B-3.

The major results of this initial work were extendedby Kaye and Rolik in 1966(236),
by an analysis in which a linear spatial variation of minority carrier lifetime and
mobility, anddrift field strength, was permitted. This is an improvement in approx-
imating the conditions existing in real cells, but results in wholly non-analytic solutions
to the equation governing carrier collection, thus necessitating numerical solutions by
computer. The results of suchcalculations are as shownin Figure 46, where the in-
creased carrier collection efficiency causedby the drift field in silicon cells with short
base region minority carrier lifetimes is apparent. The optimum drift field width was
found by calculating the base region collection efficiency as a function of drift field
width. The optimum value was found to dependon the base region minority carrier
lifetime, andto lie in the range 50-100 _ for lifetimes of the order of 10-7 secs.,
corresponding to a flux of approximately 10161MeVelectrons cm.-2 Experimental
evidence supporting this theoretical conclusion was presented, but was obtained with
cells in which the drift region field strength was not reported, so that a meaningful
comparison with the theory is not possible. In addition, theoretical data correlating
the changeof Jsc with irradiation dose were not presented, so that this point of com-
parison between theory and experiment also cannot be used.
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6. The Multiple-Transition Cell

A unique type of solar cell was proposed by Wolf in 1960 (194). In this device, an

energy level in the forbidden band of the semiconductor was assumed to be present,

such that electrons could be excited from the valence to the conduction bands by two

transitions, caused by sequential absorption of two separate photons, as illustrated

in Figure 47a. With a single intermediate energy level, a total of three transitions

are possible: with two intermediate energy levels, six transitions are possible (Fig-

ure 47b). This would in principle allow a semiconductor with energy gap Eg to utilize

photons of energy ETI<Eg, thus increasing the proportion of photon energy which can
be used to generate hole-electron pairs. Wolf calculated that with energy levels chosen

to give the optimum match between the cell and the sunlight spectrum, efficiencies up

to 50% could be obtained with one intermediate level, and 46% with two intermediate
levels (see Figure 48). Wolf pointed out that the intermediate energy level must have

rather special properties to allow the cell to operate such as:

(i) the transition probability for an electron to transfer from the intermediate

level to the valence band must be small, i.e., the level must have a small

interaction cross-section for holes, when occupied by an electron. This is

necessary to allow the electrons to remain in the intermediate level for a

sufficiently long time to give a reasonable probability that a second photon can

be absorbed to cause transition to the conduction band.

(ii) the transition probability for an electron to transfer from the conduction band

to the intermediate level when this is unoccupied must be small, since other-

wise recombination via the intermediate level will reduce the minority carrier

collection efficiency.
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Figure 47. Energy-level scheme for multiple-transition solar cell,

(a) single intermediate level, (b)two

intermediate levels, after Wolf (194).
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Wolf calculated that a density of intermediate levels in the 1018 - 1019 cm -3 range

would be necessary. Both Wolf and other workers have expressed doubt whether such

a density of levels can be achieved without significantly impairing the semiconduction

properties of the material. There is no doubt that the magnitude of this density is in

the borderline range above which such impairment has been observed in many semi-

conductors. However, so far as is know there is no theoretical objection to the mech-

anism, which could provide a much more telling argument against the device. It is

interesting to note that the two-step photoexcitation mechanism by way of an inter-

mediate energy level was in fact proposed by Reynolds and others as an explanation of

the extrinsic response in CdS cells in 1954. Although it appears at the mement that

the 1066 or 1067 models describe the experimental situation on present CdS cells rather

better, there have been no refutations of the principle of the multiple-transition mechanism.

This has been the only proposal for a cell mechanism which could lead to efficiencies

markedly higher than those obtained at the present time in silicon cells. Although there

are several unresolved questions relative to this type of device, the potential value of

the concept provides a strong urge to further examination of these questions. This point

will be taken up later in this report.
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B.SILICONSOLARCELLS

1.Introduction

Before proceeding with the discussion of the development of the solar cell after

1955 it will be useful to introduce some background information. In considering the

improvement of the solar cell one must first designate the characteristics or opera-

tional parameters of the cell which are beth capable of and desirable for change.

Taking the most abstract point of view one can consider energy conversion efficiency,

weight, cost, and resistance to various environmental factors as the important param-

eters for improvement. These factors will play an important part in the following

discussion of the development of silicon solar cells. A further breakdown and discus-

sion of some of the very general categories listed above will be helpful before proceed-

ing with the consideration of specific photovoltaic cells, such as the silicon cell.

A generalized breakdown of the relative values of the various cost factors involved in

the fabrication of a solar cell is not easily obtained due both to some variation in

technique and to the tendency of manufacturers to be secretive on this aspect. It is

generally agreed that materials form a significant portion of the cost, but little can be

gleaned beyond this. It is possible, however, to discuss a number of studies that have

been aimed at introducing innovations which would reduce the cost of specific areas of

cell manufacture. This includes the use of cheaper materials (i. e., polycrystalline

silicon), the production of large-area cells, and the development of new techniques

for performing certain specific operations such as junction formation. It is in this

relatively unstructured way that improvements in the cost factor of solar cells will be

considered in the following discussions.

The weight of the cell itself (ignoring coverglasses and the like for the time being) is

rather easily broken down. One has, first of all, the weight of the material (silicon,

etc. ), the weight of the contacts (grids, busbar, base contact), and the weight of any

coatings or encapsulant (antirefiection, etc). In conventional single-crystal cells the

vast majority of the weight is distributed between the weight of the material and the

weight of the contacts. The majority of the programs designed to reduce the weight

of the cell have concerned themselves with reducing the thickness of the material.

Under the heading "resistance to various environmental factors" one can lump a

multitude of desired virtues; however, for most current cells and uses there is one

single factor of overwhelming concern - radiation resistance. Other factors become

important for particular missions (e. g., temperature) or particular types of cells

(e. g., humidity for some thin-film cells) and will be discussed in context where

appropriate. Brief discussions of developments in radiation resistance will be given_

where appropriate, throughout the description of solar cell history and development.
For more detailed information the reader is directed to the references cited in these

discussions.
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A dominant requirement for solar cell research during the period these cells have
beenin use has beenefficiency improvement. This has beenanalyzed in great detail
by many workers, andan account of the various factors which determine the conversion
efficiency of a solar cell has been given in the preceding Section IV-A-1. The im-
provement of efficiency has beenthe main motivation for manyof the changeswhich
have been madein practical cells, and an accountof these follows.

The following material covers the experimental developmentof the solar cell from the
mid 1950Tsuntil the present. Investigations during this period were expandedto cover
a wide variety of materials and techniques in the hopeof finding new, more efficient
types of solar cells. The most important material during this developmental phase
has beensilicon, andit is this material which will be discussed first. The discussion
of silicon is broken into two parts. The first part covers the evolution of the solar
cell as it exists todayand discusses, for the most part, only those developmentswhich
were successful in improving the cell and bringing it to its present state. The second
part discusses many of the experimental investigations which were not successful or
were not or have not yet been completed. This break was madebecause it was felt
that a more coherent account of the history of the solar cell would result if someof the
extraneous material were presented separately.

Manyof the research programs aimed at improving silicon solar cells have been sup-
ported by the U.S. government; see Table XVII in Appendix III for a summary of these.

2. Developmentof the PresentCellTypes

The introduction of the Bell Laboratories solar battery and the work on the

electron-voltaic effect marked the beginning of serious investigations into the develop-

ment of large area p-n junction devices for energy conversion. At the time of dis-

closure the maximum efficiency of the Bell solar battery was 6%. Three types of

losses were singled out as being major contributors to the discrepancy between the

observed efficiency and the theoretically predicted maximum of 22%. These were

surface reflection, bulk and surface recombination, and series resistance. PrinceVs

analysis (145) indicated that an important loss factor in earlier cells had been due to

series resistance at the contacts. By optimizing the cell design Prince calculated that
the series resistance of the cell as it then existed could be reduced to less than 1 Ohm

(his test samples had resistances of 2 to 6 Ohms). This would give an increase of 30

to 40% in efficiency. In the same publication Prince also suggested the use of quarter-

wavelength type antireflection coatings to improve the efficiency.

Advancements in cell efficiency were rapid during this early period. Within a year

after the original announcement of the solar battery, Chapin et al. (144) reported that

the best efficiency had increased from 6% to 11%, and that most of the units made were

consistently around 8% in efficiency. With the exception of some improvements in

contacting the cell, no clue was given about the developments leading to this increase.
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An early, technically successful experiment with the application of silicon solar cells

to power a remote telephone repeater station, proved the severity of economical

competition which photo-voltaic solar energy conversion has to face in earth surface

applications in well-developed countries. After the conclusion of this experiment, the

interest in solar cells waned at Bell Telephone Laboratories for several years, and

the development of silicon cells was carried forward during this interval predominantly
by two smaller semiconductor device manufacturers.

In 1955, not long after the announcement of the Bell solar battery, development work

on silicon solar cells was started by National Semiconductor Products, a Division of

National Fabricated Products, Inc., Evanston, Illinois, which later became the Semi-

conductor Division of Hoffman Electronics Corporation, E1 Monte, California. The

first efforts were directed toward duplicating the processes and results achieved by

the workers at Bell Telephone Laboratories. The following is a description of some

of the early work.

Single crystals of silicon were pulled in rf-heated, Czochralski type crystal-growing

furnaces, designed as improved versions of those then in use at Bell Telephone Labo-

ratories. DuPont high-purity silicon-crystal needles, produced by the same basic

process as described in Section III-B-2, were used as raw material. The purity of
this material has been improved through several steps of distillation of the silicon

tetraehloride before its introduction into the reduction chamber. However, the ulti-

mate purity of material resulting from this process was limited by the introduction of

zinc from the reducing vapor and of boron and oxygen from the quartz lining of the
reaction chamber.

The crystals were doped n-type by the addition of arsenic to the melt. The ingots,

grown in the (100) direction, were of nearly circular cross section and were cut into

wafers in the direction normal to the growth direction of the ingot, using diamond saw

blades, of approximately 0. 020-in. thickness. In contrast to the cells prepared at

Bell Telephone Laboratories at that time, which were of approximately 5/8 to 3/4 inch

diameter, the cells prepared at National Semiconductor Products were of 1-1/8 inch
diameter.

Diffusion was carried out at approximately 1100°C, using boron tri-chloride in gaseous

form as an impurity source. A diagram of the diffusion apparatus is shown in Figure

49. The structure of these early cells was similar to that of the Bell solar batteries,

with both contacts on the back side of the cell, separated by a ring area, which was

etched into the back of the wafer, and in which the p-n junction came to the surface of

the wafer. The contacts were applied by an electroless nickel-plating process similar

to that used at Bell Telephone Laboratories. The detailed specifications of this pro-

cess were later found to be described in thc Mctal Plating Handbook.
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Great difficulties were experienced in bringing the processes, particularly diffusion

and contact application, under control. The difficulties experienced with diffusion

were partially associated with temperature control, control of the gas ambient, and

with impurities contained in the diffusion source. While the first two problems were

identified and, at least partially remedied reasonably soon, the third problem was not

solved until several years later when a source of higher purity boron tri-chloride

became available. Despite these difficulties, by the end of 1955, cells with efficiencies

in the 6 to 8% range in earth surface sunlight were obtained. These efficiencies were

comparable to those measured on cells fabricated at Bell Telephone Laboratories at
that time.

Other early problems were associated with achieving sufficiently high surface concen-

tration of boron to insure that the series resistance of the diffused region was low

enough to prevent large power losses. Also, it was soon discovered that the formation

of a mysterious surface layer with a velvet black appearance was necessary in order

to achieve high efficiencies. While the nature of this layer was not understood, its

formation was found to be closely related to the temperature during diffusion, and to

the gaseous ambient. Closely connected to this black surface layer was a second,

insulating, alloy type layer, which was always formed in the boron tri-chloride dif-

fusion process, and which had to be removed by a subsequent chemical and mechanical

process. Occasionally, this second layer would be found to be only loosely adhering

to the surface of the wafers, cracking and flaking off some areas during removal of the

wafers from the diffusion furnace. In general, this second layer would, upon immersion

in boiling concentrated nitric acid for a few minutes, change its appearance from a

dark gray solid layer to a yellowish-light gray layer consisting of loose, powdery

particles. After drying of the wafer, this layer could be removed by blowing or light

brushing with a soft camelhair brush. Very frequently, however, it would be found

that this transformation of the surface layer did not take place. Rather, a very tena-

ciously adhering greenish to medium gray layer would be found over part or all of the

surface of the wafer. This layer was opaque to light and electrically insulating.

Extensive, repeated boiling in nitric acid would occasionally help to soften this layer,

and severe abrasion with stiff bristle brushes was some times partially successful.

Otherwise, removal of this layer was in many instances found impossible. No chemical

solution, including aqua regia was found which would dissolve this layer. Etching

solutions which dissolve silicon would remove the silicon wafer (diffused layer) below

this surface layer and let the surface layer float off without dissolving it. This prob-

lem of the inert surface layer has plagued silicon solar cell production for several

years, and has contributed severely to low yields and high prices. In general, it was

found that diffusion at lower temperatures and the careful exclusion of oxygen and

humidity in the diffusion chamber would considerably reduce the problem. It was also

found that this problem did not occur with some lots of boron tri-chloride, while others

produced it consistently.
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After diffusion, the process consisted generally in masking the entire wafer except for
the central area on the back surface, to an outer diameter of 7/8 inch. This area was
somewhat smaller than that to be covered by the ring contact (1 inch I. D. ). The
exposedarea was then etched out to bare the base material. Subsequently, a larger
part of the back surface was masked, exposing only the center 3/4 inch diameter
circle for a sandblastingoperation. The sandblastingabrasive could not be allowed
to reach the region where the p-n junction was exposedon the backsurface of the wafer,
since whenever this happenedit causedshuntingof the p-n junction. After the sand-
blasting operation, the back surface masking was removed, the back surface of the
wafer cleaned, and newmasking material applied to a ring area (3/4 in I. D., 1 in.
O.D. ) over the region where the p-n junction reached the surface. Next, after a short
pre-treatment, the wafer was immersed in the nickel-plating solution, for deposition
of the positive and negative contacts. After removal of the masking material and
cleaning of the wafer surfaces, the wafer was immersed in a liquid solder bath, in
which solder would wet only the metal coated surfaces.

Numerous waxes and cementswere tested for use as masking materials. These were
found to be attacked by the standard silicon etching solutions, unable to withstand the
high temperatures of the plating baths, or difficult to apply or remove. Another
experimental approachwas to use specially shapedsealing gaskets of rubber, Kel-F
elastomer, and Teflon. Thesegaskets were held in place on the wafers with clamp-
like tools, which were designedto provide a low-labor process with permanent masking
devices of quick-change capability. Although this approach appeared, at first, attrac-
tive from the economyviewpoint, many difficulties were experienced with leakage of
etching solution, the sandblastingabrasive, or the plating solution underneath the
masking gaskets. This causedhigh reject rates and destroyed any potential economic
advantages.

The application of various die cut tape masks was investigated next. This approach
proved successful, after a Mylar base tape with a silicone adhesive was found, which
withstood the highly acidic etching solution, the sandblasting, and the highly basic, hot
plating solution. A disadvantagewas that the tape could not be removed by immersion
in a chemical solution, but had to be peeled off manually. This would, however, leave
the surface relatively clean since the adhesive would be stripped off together with the
tape. This process, experimented with as early as 1955, has proven to be the most
successful to the present time.

The next problem was that of controlling the contacting process, which used the
electroless nickel-plating technique. In order to obtain a low resistance ohmic contact
to the base material, the surface of the latter had to be roughenedby sandblasting.
Then the wafer was subjectedto a cleaning process and immersed into the hot nickel-
plating solution. With time it was found, that careful cleaning before plating and
meticulous control of the composition and of the temperature of the nickel-plating bath,
contributed significantly to the control of this process. The nickel-plating solution
contains a large amountof ammonium hydroxide, which would rapidly evaporate from
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the bath which had to be maintained near 90°C. Enough ammonia had to be present in

the nickel-plating bath to maintain the pH above 9.5. It was found that adding an excess

of ammonium hydroxide to the bath, which would cool off by this addition, and im-

mersing the cells when the bath approached the process temperature of 90°C and the

pH was still near 10.5 would lead to the mo_ _ consistent production on strongly adherent
low-resistance contacts.

Several experiments were performed using activators, like palladium chloride, to

enhance the repeatability of the electroless nickel-plating process and the adhesion of

the plated layer. It was found that, although dipping into the activator solutions prior

to plating enhanced the deposition process, it by no means improved the adhesion of

the plated layer. Rather, it was found that improperly cleaned surface areas which

would not ordinarily be covered in the plating solution, could in fact be plated if acti-

vators were used, but that the resulting deposits did not adhere well to these areas.

These experiments were repeated over a period of several years, and each time the

same results were observed. Therefore, as long as the nickel-plating process was

used, it was generally carried out without the use of activators, but rather with the

exercise of extreme care in the cleaning of the surfaces and of strict control of the

plating process.

It may be noted with amusement, that in the early times of semiconductor process

technology, difficulties were experienced which were based strictly on the inexperience

of human operators with this new technology, and on their disbelief in the critical

importance of the control of these processes. For instance, it was found a few times

that the contacting process led to bad results despite strict process controls. The

reason was then traced to contamination of the abrasive in the sandblasting apparatus

which, despite regulations to the contrary, had been used to sandblast a greasy machine

part or a sparkplug. Cleaning of the sandblaster and changing its abrasive eliminated

the problem.

Difficulties were also experienced with the masking for the sandblasting, the etching

and the plating processes. One problem experienced was that the sandblast masking

was not sufficiently adhesive to prevent the penetration of abrasive.

Difficulty in applying the mask for the ring areas frequently led to mis-alignment and

contributed to low production yields and prevented handling in an efficient production

manner. This led then to a change in solar cell geometry. The positive contact was

moved to the front sur. xce to form a ring contact which reached to the perimeter of the

cell. The p-n junction was exposed at the edge of the cell, and the negative contact

covered the e_Li're b_ck surface. This method required protection of only the front

surface during _ne sandblasting operation, and of the entire front and back surfaces

during the etching operation, which now was performed after the plating of both con-

tacts. For the latter process it was now only necessary to protect a circular area on

the face of the cell in a reasonably concentric manner with the entire back of the cell
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exposed. This simplification led not only to considerably better production yields, but
also to an increase of the average efficiency of the cells. The reason for this increase
was found in the reduction of the series resistance.

Onthe cells with both contacts on the back surface, the negative contact occupied a
circular area of 3/4 inch diameter. This meansthat only 44%of the exposed front
surface had a negative contact area immediately behind it. The average of the charge
carriers generatedin the remaining 56%of the front area had to travel a distance of
approximately 1/4 inch in the relatively high-resistivity base material, parallel to the
wafer surface in a rather small cross-section, before reaching the contact. This
contributed considerable series resistance and degradedthe performance of the cells.

Immediately following the changeof contact geometry on the circular cells, which was
introduced at the beginningof 1956, a changein the cell geometry to a rectangular
shape, with the positive contact strip extendingalong one long edge of the cell, was
also introduced. Through these changesand improvements in the production processes,
cells with average efficiencies of 6 to 8%were regularly made in 1956, with average
efficiencies of 12%being regularly obtained in the laboratory in 1958on 1/2 x 2 cm
cells, and of 10%on 1x 2 cm cells.

It may be noted, that the entire effort of developmentof silicon solar cells at that time
was directed towards earth surface application. It was vaguely expected, that the
introduction of this new energy conversion device would openup a wide range of pos-
sibilities for utilization of solar energy. The relatively low energy density of earth
surface sunlight was not considered a significant hindrance, but it was realized from
the outset, that the solar cell price would have to be low in order to attract large-scale
applications. For this reason, emphasis was placed from the beginning on the intro-
duction of efficient production processes and on the search for lower cost raw materials
and procedures. The price of the raw silicon material at the time was in the 500 to
600 Dollar per pound range in quantity procurement, and although DuPont projected
potential price reductions of well over an order of magnitude for future mass production,
prices in that low range have still to be realized.

The purity of the material that was available at that time, also contributed to high
costs. The purity wasmarginal not only from the viewpoint of achieving the desirable
resistivity range in the pulled crystals, but also becausethe excess impurities caused
twinning during the growth of the ingots. Frequently, none or only small portions of
an ingot could be usedbecauseof twinning or deviations from the specified resistivity
range, which already exceededa factor of four. Experiments proved as early as 1956
that cells prepared from wafers with one or two crystal boundaries were generally as
high in efficiency as single-crystalline cells. However, cells containing many crystal
boundaries, (crystallites under 1/4 inch in diameter) produced efficiencies of only a
few percent or less. For this reason, solar cells containing one or two crystal bound-
aries were fabricated for some time, effecting a corresponding reduction in the ulti-
mate cell cost, until specifications written for spacecraft application of solar cells
eliminated this practice.
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A multitude of potential earth surface applications were explored at that time. These

included large area solar power panels for providing electrical power for remote

forestry observation stations and remote _uoys or lighthouses. Power supplies for

recharging flashlight batteries were made by mounting a strip of solar cells under a

transparent cover on the outside of the flashlight housing (directed at military applica-

tions), and a strip of solar cells was incorporated under a clear plastic cover on the

top of an Army helmet, to power a communications radio set contained on the inside of

the helmet. Also explored were the application of solar cells to power transistorized

radios and even record players, and thousands of cells were delivered around 1958 to

be mounted on the outside of frames of spectacles which contained hearing aids.

With the majority of the interest directed toward finding significant earth surface ap-

plications for solar cells, it is not surprising that a small procurement by the U, S.

Army Signal Corps Research and Development Laboratory for a few hundred 1/2 x 2

cm solar cells, to provide power on the first Vanguard Space Satellite, did not arouse

much attention. Even when, in 1958, the same group placed the first larger order for

several thousand 1 x 2 cm solar cells to provide the various interested government

agencies with a small stockpile of solar cells, the huge potential for solar cells in

space was hardly recognized.

The early solar cells produced by Bell Laboratories and others were made by diffusing

boron into n-type silicon wafers. In 1956 the first Russian publication on solar cells

appeared (237). The Russian workers (Maslakovets et al. ) used p-type silicon and

diffused antimony into the surface to form a p-n junction. The reason for studying

n-on-p cells, as stated by the authors, was twofold. The first was a matter of scien-

tific interest as a contrast to the work which had been done by the Bell Laboratories

people. The second was that the Russian manufacturing methods yielded silicon which

was predominantly p-type, making this type material considerably cheaper and more

readily obtainable than n-type silicon. Maslakovets et al. experimented with both

single-crystal and polycrystalline cells. The polycrystalline cells were studied to

evaluate the possibility of manufacturing cells with efficiencies of 1% to 2% out of

relatively impure silicon (p < 1 Ohm. cm). The efficiencies obtained on the poly-

crystalline cells were not encouraging, being less than 0.6%. The single-crystal

cells were made from 5-Ohm. cm material with a quoted minority carrier lifetime of

4 Us. The maximum efficiency achieved (under a solar intensity of 91 mW ocm -2) was

2.8%. This cell had an open-circuit voltage of 0.45 V and a short-circuit current

density of 10 mA. cm -2. This work indicated that the Russians, for economic reasons,

were working with n-on-p cells long before anyone realized the radiation-resistant

virtues of this particular structure.

At the conference on photoelectric effects held in Kiev in 1957 two papers dealing with

the Russian work on silicon solar cells were presented. The first, by Tuchkevich

n-on-p cells. A typical cell is shown in Figure 50. The junctions were diffused to a
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Figure 50. Sectioned solar cell after Tuchkevich and Chebnokov.

depth of 15 to 20 _m and the cell was then etched to give a junction depth of 5 to 10

_m. Soldered contacts were used and the series resistance due to these contacts was

approximately 2 Ohms. Under a solar intensity of 80 mW. em -2 one of the cells whose

I-V characteristic was shown, had an efficiency of 8%. This cell had a short-circuit

current density of 22 mA. cm -2 and an open-circuit voltage of about 0.47 V. Another

of the cells, measured under a 2700°K color temperature tungsten lamp, had an effi-
ciency of 9.5% at 100 mW. cm-2 intensity and 10% at an intensity of 120 mW. cm -2.

Measurements were made of minority carrier lifetimes of 1 to 100 _s for electrons

in the p-type material and less than 1 _s for holes in the n-type material. Better
efficiencies were anticipated if recombination losses and the series resistance could

be reduced. The temperature dependence of the open-circuit voltage was found to be

linear, with a slope of 2.57 x 10 -3 V. (°C) -1. Extrapolation of the temperature depen-

dence data gave a value of 1.1 eV for the gap energy. Measu'Pements of the open-

circuit voltage as a function of short-circuit current (light intensity) indicated that the

ideal diode equation was not obeyed and a constant term had to be introduced in the

exponential to account for this. The plots of open-circuit voltage versus the logarithm

of short-circuit current showed three distinct linear segments. The first and third

segments of the room-temperature plot, corresponding to low and high intensity

respectively, required a constant in the exponential (A) lying between 1.0 and 1.1.

The second segment had A values between 2.1 and 2.2. Several other cells had A

values of 6 to 7 for the second segment, while the A values of the other two segments
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did not exceed 2. At liquid-nitrogen temperature the values of A increased drastically.

For the first and third segments of the curve, A values ranged from 8 to 15, while the

second segment had values of A between 17 and 33. Vavilov et al., in the other paper

on silicon cells given at the conference (239), determined the value of A from dark I-V

measurements. They obtained a value of A = 1.0 for zero bias and 1.0 < A < 1.4 for

a bias less than 100 mV. For bias values greater than 100 mV, A remained constant

at approximately 1.4.

This paper also showed spectral response data on cells with junction depths of 2, 9,

and 15 _m. This was apparently part of an attempt to optimize the junction depth. It

was noted that the cells were made with an antireflection coating which was a natural

result of the diffusion process rather than a separately deposited film. Removal of the

film caused a decrease of about 21% in short-circuit current. The presence or absence

of the antireflecting film had no appreciable effect on the surface recombination velocity

according to the authors. The idea that the junction should be extremely close to the

surface appears not to have been fully appreciated, since no cells were made with

junctions less than 2 _m deep. Some data on solar cell performance under high

illumination intensity were shown. The cell tested had an efficiency of 4.8% under

normal earth solar intensity. This dropped to 2.1% at an intensity seven times the

normal solar intensity. The temperature of the cells was maintained at 25°C for these

measurements.

By 1958 the maximum observed efficiency of the silicon solar cell had increased to

14%. Unfortunately, the details of the work resulting in this increase do not appear

in the literature of the time. A sales pamphlet written by N.J. Regnier of the Semi-

conductor Division of the Hoffman Electronics Corp. in April 1958 attributed the high

efficiency to improved production techniques, some of which have been described

above. The pamphlet gave information and specifications on a 5-W solar cell module

developed by Hoffman for terrestrial use. Any number of the modules could be con-

nected together to provide the required amount of power for a given application. The

module consisted of 144 circular cells (approximately 1 in. diameter) mounted on an

aluminum tray with a glass cover and was designed to deliver 5-W of power under an

illumination of one Langley.

Prince and Wolf (193), also of Hoffman then, gave a figure of 14% for the maximum

observed efficiency in a publication discussing silicon photovoltaic devices. Three

types of photovoltaic devices were discussed: the photodiode, the solar cell, and the

low-level solar cell. The general device characteristics were developed through the

use of equivalent-circuit models. Some of the theoretical and experimental work

necessary in designing the devices Was also described. Three design considerations

for the solar cell were discussed. These were reflection losses at the surface,

generation of electron-hole pairs, and the diffusion and collection of the minority

carriers (see section IV-A-3). Measurements indicated that the reflection losses of

the cells (apparently without antirefiection coatings) were well below 4% for most of

the wavelength range of interest, and it was concluded that no significant improvement
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could be expected in this direction. The fact that unity quantum efficiency exists for

electron-photon interactions, determines the generation rate of minority carriers.

The investigation of minority-carrier diffusion and collection led to several interesting

results. First, it was concluded that most of the contribution of minority carriers

came from the base or n-region in the long wavelength response. This confirmed the

experimental finding that long minority-carrier lifetimes in the base were necessary

for good collection efficiencies. Secondly, the need to make the p-layer as thin as
possible was confirmed. Finally, the surface recombination velocity was found to

have very little effect on the collection efficiency. Figure 51 is a silicon solar cell as

shown by Prince and Wolf.

The low-level solar cell was designed specifically to operate at low light intensities

(less than 1 foot-candle). The only important design change was a widening of the

junction region. This was felt to be necessary to reduce the internal field emission,
associated with narrow junctions, which lowered the impedance of the junction at small

biases (low level illumination) and hence reduced the efficiency.

Some possible applications for the solar cell were also discussed in this paper. The

applications fell into three categories. The first was as energy conversion devices
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Figure 51. Silicon solar cell circa 1956, after Prince and Wolf.
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like the 5-W module discussed above. The next application was that of a control de-

vice operating a relay or acting as the input for a transistor amplifier. The other

suggested application was as a light meter, either linear or logarithmic depending on

the loading condition.

The first space use of solar cells occurred in 1958 with the launching of Vanguard I

on March 17. Vanguard used six panels of solar cells, each containing eighteen 2-cm

x 1/2-cm cells as a secondary power source. The results of some tests which were

designed to evaluate silicon solar cells for possible space use were given in a Lockheed

Missile System Division report written by Brown et al. in June 1958 (240). Factors

evaluated included spectral response, thermal effects, thermal shock, ageing, and the

effects of meteorite puncture. The spectral response apparatus used was unique in

that the light source used was the sun. A solar tracking system, mounted on the roof

of the laboratory building, reflected a column of sunlight down a vertical shaft into the

laboratory where it was focused onto the input of a monochromator. The cells tested

(obtained from Hoffman) had an area of 2 cm 2 and an average efficiency of about 10%.

The temperature dependence of the cell characteristics was as expected; however, 75%

of the cells suffered severe permanent damage under the thermal shock test which

consisted of immersion in liquid nitrogen. Meteorite puncture was simulated by

drilling with a 0.12-in.-diameter diamond drill and by electric arc discharge. In

general, a single puncture reduced the power output by 10 to 40%. Apparently the

punctures resulted in shorting of the junctions.

In the same year Loferski and Rappaport published an experimental study of the effect

of radiation damage on silicon solar cells (241). The study was intended to give an

estimate of the lifetime of a solar power source on the International Geophysical Year

earth satellite. The cells were irradiated with electrons, protons, alpha particles,

X-rays, and ultraviolet radiation, the last two having no measurable effect. As a

reslAt of the tests, a drop of 25% in power output was estimated to require an exposure

time, under the assumed conditions, of 105 years. The assumed conditions were

based on high altitude balloon data and are summarized in Table II. Loferski and

Rappaport noted that there was a discrepancy of approximately 3 x 104 between the

number of counts reported by geiger counters on the two 1958 I. G.Y. satellites and

the number predicted by extrapolation from the balloon data. The right hand side of

Table II shows the actual radiation sources used by Imferski and Rappaport in their

experimental studies. The first reasonably accurate determination of the space radia-

tion environment was then performed by Van Allen and others in 1959.

Rappaport (242) quoted a figure of 7 to 10% for the average efficiency of production

silicon cells around 1958, depending on cell type and manufacturer. He estimated the

future, quantity cost for a 1-kW solar cell power supply at $200,000, the major cost

being that of producing the single-crystal silicon wafers. The estimated weight of the

alternative to silicon.
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TABLE II. COMPONENTSOF RADIATION IN THE UPPER ATMOSPHERE,
AND TEE EXPERIMENTAL RADIATIONSSELECTED, AFTER

LOFERSKIAND RAPPAPORT

I
I

I

Radiation

Ultraviolet

X-Rays

Upper Atmosphere

Energy or

Wavelength

75 - 2200

2200-3400

Amount

-4 2
6 x 10 mw/cm

4.8 mw/cm 2

10 .4 mw/cm 2

Electrons

(Auroral

Regions)

Protons

Alphas

7 -60A

10 - 500 kcv

1Bev

Average in
Nuclear

Bursts

50 Mev

1%

8o%

19%
J

Total

> Flux
1 Particle/

cm2/sec

Experimental

Energy or

Wavelength

o

2200-3400 A

50 kev (0.24 A)

to 250 key

0.75to 2 mev

2mev

10 - 20mev

40 mev

Amount and

Source

SH

9.8 x 10 -3 w/cm 2

$4

173 x 10 -3 w/cm 2

B-H6

2.1 w/cm 2

UV Light Burners

Up to 104

Roentgens/hr

X-ray Generator

Up to 100 tta/cm 2
Van De Graaff

Up to 100 tta/cm 2

Cyclotron

Up to 100 tta/cm 2

Cyclotron
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I
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No dramatic increase in efficiency was reported in 1959, although some improvements

were made. Improvements in the growth techniques resulted in reduced frequency of

dislocations and other imperfections in the silicon crystals as reported by H. J. Yearian

of the Purdue Research Foundation (243). Working under a Signal Corps contract

Yearian was able to reduce the dislocation density of grown silicon single crystals to

less than 10 cm -2. Th_s was accomplished primarily by reducing the contamination

of the gas flowing over the crucible in which the silicon was grown, by isolating the

gas from the heater. This also resulted in a reduced occurrence of twinning.
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The most important improvement occurring in 1959 was the introduction of an alloyed

aluminum contact for the p-layer. By slow heating and cooling of the aluminum, a

silicon-aluminum alloy was formed which gave a rectifying contact with n-type silicon

and an intimate ohmic contact with the boron-diffused p-layer. The contact had a very

low series resistance, resulting in an improved conversion efficiency (244). The same

alloy, when formed by a fast heating and cooling cycle, formed a contact that was ohmic

with respect to n-type material, with a contact resistance (0.1 to 0.2 Ohm for a 2-cm 2

area) comparable to that of the plated contacts of the time (245). The alloyed contact

for the p-layer was developed by the International Rectifier Corporation under a Signal

Corps contract. Very little of the solar cell research and development work during the

middle and late 1950s was supported by the government, and the majority of the govern-

mental support given during the late 1950s was supplied by the U.S. Army Signal Corps.

The two commercial suppliers of silicon solar cells in 1959 were Hoffman Electronics

Corp. and International Rectifier Corp. J. Kalman of Hoffman published a summary of

the characteristics of the commercially available silicon cells in early 1959 (246). This

summary is reproduced in Table HI. It should be noted, however, that much of this

data was taken from sales literature published as early as 1956. A variety of cell sizes

was offered, ranging from 1/8 cm 2 to 20 cm 2. The higher short-circuit current den-

sities were near 30 mA. cm -2, while the open-circuit voltages offered ranged from

0.48 to 0.58 V, with most of the Hoffman cells above 0.55. The efficiencies offered

ranged from under 4% (reject cells) to greater than 12% for the 1/2 cm wide cells. The

wider cells were series resistance limited, because no grid lines were used, and gave

efficiencies only to approximately 11%. Recognition of this fact by Wolf at Hoffman in

early 1959 led to an intensive search for practical production methods for the incor-

poration of grid lines into the cell structure. Die cut tape masks, stencil applied vinyl

pre-polymer, and Kodak photoresists were experimented with, through which grid lines

were formed by the electroless nickel plating process and built up by solder dipping.

The use of grid lines to reduce series resistance was adopted by all manufacturers in

1960, although acceptance by the users was somewhat slower. Various grid geometries

resulted from the production techniques applied, as illustrated in Figure 52, with re-

sults in Figure 53. All of the major manufacturers reported improved efficiency due

to this innovation (246, 247). Dale and Rudenberg of Transitron Electronic Corp.

reported improving the average efficiency of laboratory-produced cells from 8-10% to

12-15%. This was accomplished through the introduction of an aluminum alloy grid

structure to reduce the series resistance, and an application of a silicon monoxide

antireflection coating to reduce reflection losses, which became necessary because of

the different diffusion process used. These changes resulted in an increase of the max-

imum power voltage by 0.05 V, and reduced reflection losses to 2%. Although this

experimental work was done at Transitron, commercial production of solar cells was

not embarked on, and Hoffman and IRC remained alone in the market for cells. Inves-

tigators at HoIfman Electronics reported average efficiencies between 12% and 13% for

experimental runs of gridded cells (249). International Rectifier Corp. introduced a
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I Figure 52. Cell types circa 1960
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Figure 53. Current-voltage characteristics with maximum power points indicated

i and constant voltage and constant current test method for typical silicon solarcells, 1 x 2 cm size gridded and ungridded, taken at 25°C, after Wolf.
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peripheral electroded cell as well as the grid line structure used by most other manu-

facturers (250, 251). The average efficiency of these production line cells was quoted
as 10 to 12% with a maximum of 14%. Apparently as an advertising gimmick, Inter-

national Rectifier produced a panel ("The Solar King") consisting of 10,640 cells

having efficiencies of 4 to 5% and mounted it on the roof of an electric car (1912 Electro-

mobile). The array was said to be capable of charging the car's batteries under

"optimum conditions."

Reference (247) also provides a good survey of the general characteristics of the com-

mercially available cells in 1960. Both Hoffman and I. R. C. are quoted as producing

13% efficient cells in quantity.

The use of optical coatings, both to reduce reflection losses and to control cell temper-

ature, became a matter of increasing concern in 1960. As was mentioned earlier, a

surface coating formed naturally during the diffusion of the junction of the p-on-n

cells. This layer reduced reflection losses nearly perfectly. Dale and Rudenberg

(248) pointed out the advantages of being able to control the diffusion process and the

optical properties of the surface separately.

The Russians had also realized the benefits from antireflection coatings (252) for their

n-on-p cells, although they did not use evaporated films. They settled on silicon

dioxide as a coating because of its stability. After attempting a chemical deposition

technique which left undesirable impurities on the surface of the silicon wafer, they

decided on an oxidation of the silicon. Improvements of 20 to 25% in short-circuit

current through the use of the silicon dioxide coating were reported. The details of

the oxidation process were not given; however, the process was apparently thermal

and hence not amenable to separate control of the optical properties and the diffusion

process. No efficiencies were given for the cells used in these experiments.

The use of coated glasses and directly applied coatings to control cell temperature

were discussed by Escoffery and Luft (253), but this had little bearing on the evolution
of the silicon solar cell per se and will not be discussed in this section. The interest

in cell temperature control had been stimulated by the use of solar cells in satellites,

an application which also aroused interest in radiation damage.

A few authors published data on radiation damage in 1960. Dale and Rudenberg (248)

reported that an integrated flux of 5 x 1013 2-MeV electrons cm -2 lowered the effi-

ciency of a silicon cell from 8.4% to 5.5%. The loss resulted primarily from a re-

duction of the base (n-type) minority-carrier lifetime from 3 _s to 0.02 Vs. A more

comprehensive set of data was given in Reference (247) which provided a summary of

the findings of several investigators (Lockheed, G. E., S.T.L., and RCA). Table IV

summarizes the high-energy particle densities in the Van Allen belts as recorded by

various satellites (254) at the time. Table V summarizes the results of the investiga-

tions of several of the above companies.
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TABLE IV. TYPE, ENERGIES, AND FLUX OF CHARGED PARTICLES

Electrons

Protons

Location Energy Flux

Inner belt

Inner belt

Outer belt

Outer belt

Outer belt

Inner belt

Outer belt

> 20keV

> 600 keV

> 20keV

> 200 keV

> 2o 5 MeV

> 40MeV

> 60 MeV

-2 -1 -1
109 cm • sec steradian

-2 -1 -1
107 cm • sec steradian

1011 em-2o sec -1 ,,

108 cm-2o see -1 ,,

106 cm -2. sec -1 ,,

104 cm-2o sec -1 ,,

102 cm-2 .sec-1 ,,

i TABLE V. EXPERIMENTAL DATA REDUCTION OF SOLAR CELL

EFFICIENCY DUE TO PARTICLE BOMBARDMENT

Source

Lockheed

STL

RCA

L Transitron

Particle

Proton

Electron

Energy

(MeV)

Proton

Electron

Electron

Flux

(particles cm -2)

3

12

12

0.5

17.6

1.7

2

5 x 109

2 x 1011

10

2-8 x 1013

1015

5 x 1014

5 x 1013

Power

Reduction

(%)

25

25

50

25

50

50

35

I

I
I

I

I

An important conclusion of Table IV was that the lower-energy protons might possibly

cause more damage to the solar cell than the high-energy protons.

The introduction of grid stripes removed the requiremenL Lhat the diffused layer must

be made thick to reduce series resistance losses. This allowed the separate opti-

mization of junction depth to provide a better match to the solar spectrum. Several
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experimental andtheoretical studies of the variation of the spectral response of the
cells with junction depthwere published during the period 1960-1961(255, 256). These
studies showedthat moving the junction closer to the surface improved the spectral
response of the cell in the blue region and hencegavehigher efficiencies, particularly
in AMO sunlight. Cells with grid stripes and an optimized junction depth were ex-
pected to give a short-circuit current 10%higher than that of the ungridded cells under
outer space sunlight conditions (256).

Another advance, originating around 1959, was an increase in the minority-carrier
lifetime in the baseregion resulting in an increase in the long wavelengthresponse
(257). The increase in minority-carrier lifetime was a result of the availability of
purer materials andimproved crystal growing and diffusion techniques. The changes
in lifetime in the baseregion initially caused someconfusion in the measurement of
cell efficiencies. The cells appearedto be more efficient than was actually the case,
whentested under atungsten light source, due to the great infrared content of the
tungsten light. The combination of the grid contacts, improved base region lifetime,
andoptimized junction depth resulted in the considerable improvement in average cell
efficiencies experienced in the period 1959-1961.

The improvements in cell efficiency resulted in a cost reduction on a dollars per watt
basis. An additional improvement in cell cost during the period 1960-1961resulted
from a factor of two drop in the cost of silicon as reported by Prince (258) who gave
a cost figure of 100to 300 dollars per watt for cells in 1961.

The radiation damagesuffered by cells exposedto Van Allen Belt radiation continued
to be a matter of serious concern. Several government-sponsored projects at that
time had as part of their mission the investigation of radiation effects and possible
ways of reducing losses causedby them. An important development in this area
occurred in mid-1960 with the discovery that n-on-p cells were considerably more
radiation-resistant than p-on-n cells, by workers at the RCA Laboratories (259, 260).

Mandelkorn had thenbeenexperimenting with phosphorus diffused cells on p-type base
material, exploring the potential advantagesof the Russian approach andhoping for
improved efficiencies. Someof these cells he provided to the RCA group for radiation
effects evaluation, upontheir request. The initial experiments showedthat the n-on-p
cells required 7.6 times as many particles (1.5-MeV protons) to produce a 25%de-
crease in efficiency as did a p-on-n cell of the same efficiency. Later investigations
(261, 262) revealed a similar resistance to electron irradiation. There was some
concern at the time that the n-on-p cells might be inherently less efficient than the
p-on-n cells; however, this fear has proven groundless.

Several French publications on silicon solar cells appeared in 1961(263-268). Most
of these described laboratory studies intended to produce high-efficiency cells. Most
of the French investigators had settled on the phosphorus-diffusion process (using
P205) which to them appearedeasier to operate and to give more reproducible results
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than the boron trichloride process. It was also possible to get the high impurity con-

centrations necessary for reducing series resistance losses at much lower tempera-

tures with the phosphorus diffusion process. This would aid in reducing the drop in

minority carrier lifetime thought to result from the heating. The phosphorus diffusion

resulted in a film being formed on the surface of the cell, the film being a phospho-

silicate glass. This layer was etched away and reformed by oxidation several times

until the short-circuit current was optimized. Efficiencies of 14% were reported.

Salles (266) discussed some of the problems of carrying cell fabrication from a lab-

oratory to a production process. Problems of matching and interconnecting cells for

arrays were also discussed by Salles.

The status of solar cell development at Hoffman at the end of 1961 was summarized

by Iles (269). Most cells were made from Czochralski-grown silicon with a resis-

tivity around 1 Ohm cm. Grade IV (solar grade) silicon continued to be used since it

had been reconfirmed that any potential gain obtained by using better grade material

was found to be much less than the variations in quality introduced by the crystal-

growing procedure. Different crystallographic orientations were again found to have

little effect on cell output, although a change in crystallographic orientation frequently

necessitated an adjustment of the diffusion procedure to yield equal results. (100)

grown crystals were normally used because their shape gave less waste in cutting.

The junctions were formed by the boron diffusion process and were, in general, less

than 2 _m deep. Cells with junction depths greater than 1 _m were used only with a

judiciously placed single top contact, while those with junction depths less than 1 _m

used any of a variety of grid line configurations. Junction depths of 1/2 _m or less

were actually the standard for space type cells at Heliotek: there was some difficulty

in measuring such shallow junction depths because of surface roughness. The grid

configurations included 3-line and 5-line patterns running parallel to either the short

or the long dimension of the cell. Some of these had both main contacts on the bottom

of the cell with the grid wrapping around the edge of the device.

Average resistivity of the diffused layer was 0. 014 Ohm cm (15 to 25 Ohm square -1)

with a maximum surface impurity concentration of 5 x 1020 cm -3, resulting in a de-

pletion region width near 0.03 l_n. Base region minority-carrier lifetime for the

cells was in the 3 to 10 _s range, while the diffused layer lifetimes were concluded to

be of the order of 10 -9 to 10 -10 see. Heating and cooling during the diffusion process

was thought by the Hoffman workers to degrade the bulk minority-carrier lifetime by

a factor of 2 to 3, which they felt to be tolerable. In contrast to this, the Heliotek

workers had found the bulk lifetime data, obtained before junction formation, to be

strongly influenced by trapping phenomena, and therefore unreliable. This applied

especially to the larger lifetime values. On the other hand, it was found that cells

prepared from material with only a few tenths of a microsecond lifetime would have

base region minority lifetimes after diffusion in the normal 3 - 10 _s range. It was

especially since lifetimes in this range are among the highest reported for these
resistivities.
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At low values of current density the cells did not obey Shockley's diffusion theory or

the space charge recombination theory of Sah et al. (see Section IV-A-l). The getter-

ing effect experiments of Hooper and Queisser (270) in which glassy oxide layers were

used to getter metallic impurities in silicon solar cells indicate that these materials

were at least partially responsible for the anomalous behavior of the junctions. They

suggested that the use of cleaner material might result in higher efficiency cells. Un-

fortunately, this was not borne out by experiment.

A good percentage of the experimental work during 1960-61 was aimed at lowering

costs, reducing weight, and increasing cell area. Projects along these lines included

work on dendritic cells, epitaxial silicon, cutting large wafers longitudinally out of

the ingots, and preparing arrays of silicon spheres imbedded in plastic. These are
discussed in detail later in this section. Work on efficiency improvement included

studies of stacked cell assemblies and beam-splitting arrangements to break up the

solar spectrum and direct the appropriate portions to cells with differing bandgaps.
These are also discussed elsewhere. The efficiencies of the best cells were just

below 15%. Clear-cut ideas for improving individual cell performance appear to be

lacking although the work of Shockley and Queisser aroused some interest in the

elimination of unwanted (i. e., nonradiative) recombinations.

New developments in the field of radiation effects in 1961 included the discovery by

Vavilov et al. (271) that lithium atoms interact with defects in silicon so as to neu-
tralize a radiation-induced level. Tests were made on lithium-doped silicon samples

which were irradiated with 0.9-MeV electrons. The samples contained considerable

amounts of oxygen. Electrical measurements on the samples indicated that the

E c - 0.17 eV level introduced by the electron bombardment disappeared when they
were heated to 330 to 350°K. The disappearance was accompanied by a sharp decrease

in carrier density. Vavilov and his co-workers concluded that the lithium ions were

freed from the oxygen bonds to move rapidly through the lattice at the higher temper-

ature until they encountered a lattice defect where they tended to become localized. A

localized ion would then capture an electron from the conduction band, thus neutralizing

the site and causing a decrease in the carrier density. The idea that this type of in-

teraction might provide a means of increasing the effective radiation resistance does

not appear. A more detailed account of these and related experiments appeared the

following year (1962) (272). At about this time some investigators at RCA, working

under government contract, began to look into the possibility of producing radiation-

resistant devices, including solar cells, through the use of lithium doping (273).

An interesting publication in 1963 by Smith et al. (274) described the design and fab-

rication of the power supply for the Telstar satellite. The Bell group decided to

design and produce their own cells (through the Western Electric Co. ) rather than

buy them from commerical suppliers. The primary reason for this was a concern

for the effects of Van Allen Belt radiation on the power supply. The superior radia-

tion resistant qualities of n-on-p cells over p-on-n cells had just been found, and the

need for higher radiation resistance was not yet generally recognized. Therefore,
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n-on-p cells were not in production at the time that developmental work for Telstar

was begun. Preliminary studies indicated that a suitable n-on-p cell could be nearly

as economical in quantity fabrication as p-on-n cells of comparable initial perform-

ance in space and a developmental program was initiated late in 1960. The work was

described in considerable detail by Smith et al. The final cell had the following
characteristics:

Base material-p-type, 1 Ohm. cm, 15-rail-thick wafer, area 1 x 2 cm.

Contacts-5 grid lines + busbar, evaporated titanium silver with solder dip

finish, width of grid 0. 006 in.

Antireflection Coating - evaporated sin, thickness - 800A.

Efficiencies for a group of 10,000 cells ranged from 9.25% to 12.0% with an average

of approximately 10.75%. The cells were designed to be sensitive in the blue-green

region. No effort was made to obtain good long wavelength response (such as requiring

high lifetime in the starting material) because the response in this region is primarily

degraded by radiation. The paper gave a complete description of the assembly and

testing of the power supply.

Developments in 1964 included work on wrap-around contact cells (275). A number of

wrap-around contact cells were fabricated by workers at RCA and assembled into

10-cell modules similar to those used on Nimbus satellites. The cells had a 5% in-

crease in active area over normal cells. The modules showed a 4% increase in power

output over that of the Nimbus modules.

The status of solar cell manufacture in the United States as of early 1964 was summa-

rized by V. Magee of the British firm of Ferranti Ltd. in a report covering his tour

of American industry (276). The standard cell was a phosphorus-diffused n-on-p

cell using either 10 Ohm. cm {for radiation resistance) or 1 to 3 Ohm. cm (higher

voltage, and better load characteristic) base material depending on the power supply

specification. Optimum junction depth was felt to be 0.3 to 0.5 tim by most manu-

facturers. All but one of the manufacturers checked used an evaporated layer of
o

silicon monoxide (with a thickness of approximately 900A) for an antireflection coating.

The other manufacturer (Hoffman) applied the technique of using the phosphosilicate

glass obtained in the diffusion process as the antireflection coating, a technique used

by Ferranti also. There were two common approaches to the contacting problem.

The first was based on the evaporation of two metals followed by sintering. In this
process a thin layer (a few hundred A ) of either chromium or titanium was evapo-

rated onto the silicon active surface. This was followed by a much thicker layer

(1 to 2 tim) of silver. The surface was then sintered slightly above 600°C to improve

contact ._treng_.h "_nd provide low r_i_t_n_. The o*_her approach was to A..... -, ,-_............................... S..I',L.,_._I..PO.LI., i.iLl. _1,

an extremely thin layer of gold by chemical deposition and then deposit nickel over it

by an electroless technique. Samples of production cells were obtained from both
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Hoffman and Heliotek. These cells were believed to be representative of the best per-
formance levels normally obtained in production by the American manufacturers at the
time. The efficiencies of Hoffman's 1-Ohm.cm cells ranged from 10.7%to 10.9%
while those of the 10-Ohm.cm cells were between10.4%and 11.6%. Heliotek pro-
ducedonly 10-Ohm-cm cells at that time, and supplied samples with efficiencies of
11.2% to 11.4%.

Another report by Ferranti (277), published in 1965, discussed the status of British
solar cell manufacture. The manufacturing procedures were essentially identical with
those of most American manufacturers, as outlined above, with the exception of the
application of the grid contact and the formation of the antireflection coating. The
antireflection coating was formed simultaneously with the junction diffusion by oxida-
tion of the surface as above. The grids were applied by a combination of chemical
plating and photolithographic techniques. A layer of electroless nickel was first de-
posited on the surface of the silicon. This was built up with a layer of copper and
finally a layer of goldto prevent tarnishing. No solder dipping techniques were used.
The cell's were comparableto those of American manufacturers and averaged around
10.5(/oefficiency for air mass zero (space) conditions. Cost figures for the British
cells were given by Butcher et al. (277), also of Ferranti. The cost ranged from
$300,000 kW-1 to $110,000 kW-1 for cell thicknesses between10-2 cm and 4x10-2
cm, respectively. These figures correspond to weight-to-power ratios of 2.07
kg. kW-1 and 7.4 kg.kW-1. (The cost of American cells around the same period was
about $100,000 kW-1. )

No major progress in silicon solar cell technology has been reported after approxi-
mately 1961. Refinementof production methods, and controls, have considerably
improved yields andconsequentlyaverage efficiency which now is close to the previ-
ously reported maximum. Production distribution now falls primarily into the 10.5
to 11.5% AMOefficiency range for 10 Ohm cm n/p cells, corresponding to 12.5 to
13.5_)[AM1. The improved yields were the primary reason for price reductions
effected during this time. Considerable effort has beenexpendedon radiation resis-
tance and the reduction of cell weight during the 1960s. Thinner cells (220, 278),
drift field cells (278), "blue shifted" cells (279), and 'dendritic cells were studied both
theoretically and experimentally by various investigators along with numerous other
innovations. This work was paralleled by the increasing developmental work on thin-
film cells and compour_dsemiconductor cells which had potential cost, weight, and
radiation-resistance advantages.

3. A Brief History of Various Unsuccessfulor Incomplete

Attempts atCell Improvement

,_. (.',._t R,.d_,.th,_: The earliest attempts at effecting a large cost saving in the produc-

tion of silicon solar cells were the attempts to introduce polycrystalline material.

Like the workers at ttoffman, Russian investigators appear to have pursued this
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approach as an alternative during the earliest phases of their work (236). The earliest

polycrystalline cells had efficiencies which were an order of magnitude or more below

those of the single-crystal cells of the time and therefore were felt to be not promising.

Several years after the initial work the Russians reported much better efficiencies for

the polycrystalline cells (280). Efficiencies of 4 to 8% (on an active area basis) were

reported for cells measured under a solar intensity of 75 mW. cm -2. The cells which

had these efficiencies made use of a mesh-type grid contact to eliminate the resis-

tance due to the grain boundaries. Approximately 30% of the total surface area of the

cells was occupied by contacts. Gliberman et al. estimated that the use of polycrystal-

line material would reduce the cost of a solar cell power supply by a factor of 2 to 3.

A more recent evaluation of the possibilities of polycrystalline silicon for solar cells

was given by Berman and Ralph (281). The cells produced in these experiments also

made use of a mesh-type grid initially; however, tests indicated that the standard 5-

line grid pattern used on single-crystal cells was also near the optimum for the poly-

crystalline cells. Both p-on-n and n-on-p polycrystalline cells were investigated.

The spectral response of the p-on-n polycrystalline cells peaked at about 0.73 _m

compared with about 0.85 _m for single-crystal cells. The shift to shorter wave-

lengths was attributed to a reduced minority-carrier diffusion length in the base region

due to recombination centers associated with the grain boundaries. In general, the

p/n polycrystalline ceils were more efficient than the n/p polycrystalline cells. The

best n/p cell efficiency as measured under sunlight (_ 100 mW. cm -2 at Table Moun-

tain, Calif. ) was approximately 8%, while several p/n cells measured under the same

conditions had efficiencies exceeding 11%.

The cost analysis of polycrystalline cell production indicated that further develop-

mental work was necessary to improve the yields to the point where the cells would be

competitive with single-crystal cells before any cost saving could be realized. The

cost of single-crystal material (1964) was about $0.40 per gram, while the cost of

polycrystalline material was about $0. il per gram. The slightly higher breakage rate

experienced with the polycrystalline material necessitated an adjustment in the aver-

age number of grams of material needed to produce a cell. This adjustment resulted

in an average material cost per cell of $0.80 for single crystal and $0.28 for poly-

crystal. The manufacturing cost for both types of cell was estimated to be approxi-

mately $2.30 per cell. When it was assumed that the yields for both types of cells

were 100% (i. e., the efficiencies are high enough for all finished cells to be usable)

a simple calculation showed that a 17% decrease in cost could be realized by using

the polycrystalline material. This figure would apply in any case where identical

yield distributions for the two types of cells could be achieved. Since this was not a

realistic assumption, one had to assume some minimum acceptable efficiency for the

cells and then make the comparison. When a minimum efficiency of 10% was assumed

as usable, calculations showed that for the p/n configuration 80% of the polycrystalline

cells would have to equal or exceed 10_,_efficiency in order for the ce!! cost to just

equal that of the single-crystal cells (99% of single-crystal p/n cells were > 10%). For
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the n/p cells the breakeven point was a yield of 77% with efficiencies greater than or

equal to 10%. The p/n polycrystalline cells averaged around 8 to 10% in efficiency

and the n/p cells somewhat lower. No significant cost advantage could be expected

until these efficiencies could be raised to the 10 to 11% range. This analysis was

concerned only with reducing the material costs, since it was felt that any possible

modifications of the cell manufacturing process which might produce further cost

savings would be equally applicable to the single crystal cells.

One technique with potential for reducing production costs which has received consid-

erable attention, is the use of larger area cells. The philosophy behind this approach

is simply the reduction of handling costs per square cm of cell. A number of inter-

esting ideas for the production of large-area cells have been explored. The most

straight-forward approach is simply to grow larger (wider) silicon crystals. Cherry

(282) reported the growth of crystals with diameters of 6 to 8 inches at Texas Instru-

ments, normally used in the production of infrared optics. A wafer cut from such a

crystal would have an area of 48 square inches. Not surprisingly, the breakage during

handling of these wafers was extemely high. It was anticipated that special tooling

might alleviate this; however, no further reports on single-crystal cells made from

wafers of this area appear in the literature.

Similar approaches were experimented with at Hoffman Electronics Corp. in 1960,

and were reported by Prince (283) and by Wolf (284). The techniques for the growth of

crystals had been advanced by then to the point where crystals with a diameter over 2

inches were grown routinely in production, so that circular solar cells with areas of

3 square-inches could be fabricated, as well as cells with dimensions up to 2 cmx 7.5

cm, cut longitudinally from the ingots. Efficiencies greater than 12% were measured

on some of these cells. When weighing the desirability of fabricating large area cells

in this fashion, it must be remembered that the thickness of the diamond saw blades,

and with it the cutting (kerf) losses, had to be increased with the depth of cut in the

silicon. Solar cells are normally sliced from silicon blocks of 2 x 2 cm or 1 x 2 cm

cross-section. This requires a cut of i or 2 cm in depth, and is now generally per-

formed by internal diamond saw cutting methods or by stacked reciprocating blade and

slurry methods, in both cases with the kerr losses well under 0. 010 in. Deeper cuts

require O.D. diamond blades with thickness near 0. 020 in, or result in larger kerf

with slurry cutting. Also, there will be a power loss due to series resistance even for

an optimized grid pattern, although this can be minimized by increasing the thickness

of the grids (at additional cost). Losses at interconnections are also more significant

for larger area cells.

Some of the more original ideas for producing low-cost, large-area cells (including
the 48-in. 2 cells above) were studied under government sponsorship. These included

growth of epitaxial silicon films, recrystallization of evaporated silicon films, vari-

ous techniques for producing sheets of silicon single crystal (282), and arrays of

silicon spheres imbedded in plastic (283). Some of these are illustrated in Figure 54.

The epitaxial growth process made use of the thermal decomposition of a silicon
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Figure 54. Large area silicon film formation, after W. Cherry, (a)

epitaxial growth of silicon film, (b) recrystallization of evaporated

silicon film, (c) rolling mill technique.
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compound such as SiC14 to deposit a thin film of silicon onto an oriented single-crystal
substrate. The substrate was intended to be of a material which could be peeled or dis-

solved away without damaging the silicon film. The original studies were performed

using silicon substrates. It was also hoped that it might be possible to add the proper

dopants during the growth of the film to produce a p-n junction, thereby eliminating

another costly process. Epitaxial silicon techniques have been developed to the state

where controllable and reproducible films can be grown on silicon and sapphire sub-

strates today. However, it is doubtful that these techniques are the most economical

for producing films of the proper thickness for acceptable efficiencies and of a real-

istic area (considering the fragility of large-area films). A proposed variation of the

epitaxial process consisted of evaporating a suitable thickness of silicon onto a poly-

crystalline substrate, the substrate material being such that it would not be wetted by

the silicon. The film was then to be recrystallized by passing a hot molten zone along

it, and to be removed from the substrate. The degree of success achieved with this

approach is not known.

A somewhat similar approach was suggested by W. Shockley (285). The technique

consists of floating a layer or film of molten silicon on a molten metal. The silicon

is then pulled across the frictionless liquid metal surface, by means of a silicon seed

in the form of a thin sheet, through a temperature gradient to form a single crystal

sheet. This approach was investigated by W.R. Grace & Co. under Signal Corps

sponsorship (see above reference).

Thallium, lead, and bismuth were considered as supporting metals because they were

felt to be suitably non-reactive and immiscible with molten silicon. Lead was finally

chosen because of its slightly higher boiling point and the fact that it had a more lim-

ited effect on the electrical properties of silicon than the others. Several silicon

wafers (2 inch dia. ) were grown by this technique. All were polycrystalline with

single crystal regions of several square millimeters.

It was found that the relatively high surface tension of molten silicon prevented the

spreading of the silicon and would not allow the formation of a thin sheet under the

existing conditions. The wafers that were grown were lens shaped with an equilibrium

depth of 4 ram. This thickness was independent of the wafer diameter for diameters

greater than 2 cm.

It was discovered that liquid silicon and lead were mutually soluble to about 3 atomic

percent at temperatures close to the melting point of silicon, a fact which apparently

could not be determined from existing data on the lead-silicon alloy system at the

time. The Pb-Si system was studied by attempting to pull single crystal ingots of

silicon from melts containing various amounts of lead. Silicon melts containing more

than 5% lead yielded only polycrystalline ingots.
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Attempts were made to pull a thin sheet of silicon from the molten lens using the thin

sheet seed mentioned above. The dissolved silicon crystallized from the lead phase

at the lower temperature surrounding the seed in sufficient quantity to interfere mechani-

cally with the pulling. This disturbed the crystallization of the thin sheet from the

molten lens. As a consequence this method could not be made to yield thin sheets in

single crystal form and the effort was abandoned after one year.

In a program sponsored by the Air Force (286), Tyco Laboratories explored the pos-

sibility of depositing monocrystalline thin films on amorphous or micro-crystalline

substrates using a solution growth technique. The technique was somewhat similar to

the process used by W. R. Grace & Co. above in that the single crystal film was grown
on the surface of a liquid metal. The technique, called the traveling solvent method

(TSM), consisted of passing a solvent (metal) zone through a solid polycrystalline film

under the influence of a temperature gradient. First a polycrystalline film of silicon

was deposited on a molybdenum substrate using a halide transport type growth tech-

nique. A thin film of silver was then evaporated over the silicon layer. A suitable

temperature gradient for moving the silver through the silicon film could be produced

by heating the molybdenum substrate. The silicon would then dissolve in silver at the

hot interface (Mo-Si) and precipitate at the cooler interface (Si-vaeuum). By properly

doping the silver it would be possible, in principle, to form a p-n junction during

growth. Silicon single crystal platelets with areas of 2 mm 2 were observed to grow

on the surface of a liquid bead of silver. A similar technique, using gallium instead

of silver, was used to grow platelets of gallium arsenide, and the growth of cadmium

sulfide crystals using a cadmium solution was also investigated.

The Signal Corps sponsored development work on an earlier invention by M.E. Para-

dise, of National Semiconductor Products, concerning a large area solar cell com-

posed of silicon spheres (283). The silicon spheres were expected to be obtained

ultimately from silicon saw dust, or droplets obtained in a shot tower, but were for

the development program obtained by cutting single-crystal silicon into cubes, and

tumbling them to make them spherical with a nominal diameter of 3 ram. After lap-

ping and etching a p-layer (_3 tzm deep) was formed on the surfaces of the spheres by

boron diffusion. The spheres were then arranged in a hexagonal closely packed array

on a plastic sheet and partially immersed in a semipolymerized plastic. The plastic

was cured and a multilayered metallic film was deposited over the spheres and the

plastic to provide contact to the p-layer. More plastic was used to cover the metal

film, and the sheet was then lapped to expose a portion of the spheres. The exposed

portions of the spheres were etched to remove the p-layer from this portion. More

plastic was added until the spheres were completely submerged, with the primary

intention of protecting the pn junction region. The surface of the unit was lapped, ex-

posing only the n-type material. A metallic film was evaporated over the lapped

surface, contacting the n-type material and providing a means for external contacting.
"I_-_I _,,1_.1-4_ T'41_ _..C _1_;_ _1_4-_,.-1 _-1.,_ ^_11 rl_'L._ _^11 _4. ..... .,L..... __ "11 _,L_._J_-1

,_ _,z.xAr.,_.t .LJ.IOV.,LCtbJLJ.L_ 4.,J..LIII ',._'JL, IJ,LO.,DI..IW,,.9 _VI.I-I_IJ..Z_I,,I_;U t,,ll_ r_._C:;ll. Jl. ll_ I..,;I_L,,L _I,s.[.'U.i._t,UI'_ I_ IIIU_L/'_I.I,I_,U

in Figure 55. It was feared that a loss in light absorption would occur because of the

reduced effective cell area caused by the gaps between the spheres. It was found,
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Figure 55. Flexible cell using silicon spheres.

however, that the structure resulted in a focusing effect due to the reflection from the

silver coated plastic meniscus which formed one of the contacts. This increased the

effective light gathering area considerably, and reduced the losses due to the spacing

between spheres to a minimum. Effieiencies near 10% were measured on these cells;

however, a cheap technique for producing the silicon spheres could not be developed.

In addition, one would expect that the plastic used in this type of cell would be par-

ticularly vulnerable to both UV and particle radiation. An alternative approach using

crushed silicon powder or chips yielded efficiencies of the order of 1%, non-uniformity

of the individual components being a major difficulty. This last method has been used

recently by some Philip's workers to produce cadmium sulfide solar cells.

Attempts have been made to produce silicon sheet by squeezing bars of silicon in a

mandrel while subjecting them to high temperatures as in the rolling mill technique.

Materials produced by this technique contained, not unexpectedly, a large number of

strains and distortions. It was suggested that annealing might reduce these to the

point where the material could be used in the fabrication of solar cells. This is

questionable, especially considering the general effects of prolonged annealing on

minority-carrier lifetime.

The most successful technique for producing silicon sheet has been the application of

dendritic growth (285-293): see Table XVII in Appendix III. This technique begins by

seeding two coplanar dendrites from a single seed. A silicon web freezes between

the coplanar dendrites as they are pulled from the melt. The thickness of the web

is controlled by the pull rate. Typical pulling speeds are 1/4 to 1-1/2 inches per

minute. The thickness varies with pulling speed at a rate of about 30 mil/(inch per

minute). The width of the web tends to increase as the growth proceeds. When the

web is first seeded the edge dendrites are about 1/4 inch apart. They then separate,

thus widening the silicon sheet, at a rate which is generally not constant but averages

around 0.1 inch per foot of web pulled. The widening of the web can be quite erratic
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and sometimes reverses. This obviously reflects the difficulties of controlling the

growth process. The steady-state width of the web is a critical function of the temper-
ature and temperature gradients around the dendrite tips under the melt surface. The

temperature here must be controlled to within 0.02°C. Most grown web is 1 to 2 cm

wide and 10 to 15 mils thick. Continuous lengths exceeding 8 feet have been grown.

A section of such a crystal is shown in Figure 56. After growth the web is scribed to

remove the dendrites and to provide a sheet of constant width. The dendrites and fillet

regions, as well as the twin plane region, are areas of poor crystallinity. The sheets

are then processed into cells using essentially the same techniques that are used in

fabricating normal solar cells. Both p-n and n-p cells have been made with areas

ranging from 1 x 15 cm 2 to 1 x 30 em 2. Efficiencies as high as 13% have been re-

ported for p-n cells (291) (1 x 15 cm-2). Most of the recent work has been on n-p

cells. A pilot line run of this type of dendritic cell reported late in 1965 had the fol-

lowing yield characteristics (1 x 30-cm 2 area cells) (284):

Efficiency Yield

-> 9% 100%

>- 10% 68%

>- 11% 18%

Average efficiency for this run was 10.85% with a maximum of about 11.5%. The

major difficulties with the dendritic cells are the requirement of maintaining uniformity

over the length of the sheet and the handling problems associated with thin materials

(294). The feasibility of the technique has certainly been established. It is difficult

to make a cost comparison with conventional silicon cells on the basis of the informa-

tion published up to this time.

In summary, the use of large-area cells offers potential savings in handling costs both

for the cell manufacturer and the panel manufacturer. Historically, the solar cell

size of 1 x 2 cm predominated until 1965. Since then, it has been replaced by the

2 x 2 cm cell, and it appears that the 2 x 6 cm is now achieving acceptance due to

savings realized by its use. The dendritic technique has shown success in producing

silicon sheet, but is not used in production. A number of the drawbacks of large-

area cells, including breakage, etc., have been largely overcome. Additional factors

to be evaluated when considering large-area cells for array fabrication are reliability,

which may decrease when large-area cells are used, and the number of cells neces-

sary to provide the desired voltage, which, for a fixed array size, may preclude the
use of large-area cells.

Another approach which has been explored for possibly reducing production costs is

the use of ion implantation techniques for junction formation (295, 296) see Table

XVII. The junction is formed by bombarding the surface of the silicon with phosphorus
ions with energies of 80 to 200 keV. An annealing step is necessary after bombard-

meat. The annealing is intended to allow the implanted impurity atoms to take up

substitutional positions and thus become electrically active. Typical annealing tem-

peratures are 700 to 750°C with annealing times up to 16 hours. The junction depth is

a function of the resistivity of the silicon material and the energy of the bombarding
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Figure 56. Section of dendritically grown silicon crystal.

ions. Extremely low energies (below about 70 keV) cause sputtering of the cell

surface, increasing the surface recombination velocity. An energy of 80 keV gives a

junction depth of about 0.4 t/xn in 10-Ohm-cm material. Single-crystal cells with

efficiencies greater than 10% have been made by this technique with the major limi-

tation being the resistance of the doped layer. This was expected to be overcome

through use of ion implantation equipment with higher current capabilities. Recent

trends (294) have been to combine the ion implantation process with the use of den-

dritic materials in an attempt to develop an automated process for producing low-cost

solar cells with high power-to-weight ratios. Ion implanted dendritic cells with effi-

ciencies of 9.4% (AMO) have been fabricated; however, serious handling and materials

problems have prevented the setting up of a competitive production process.

b. Power-to-weight ratio: This has always been a matter of concern in the use of solar

cells in space. Initially, the concern was generated by the low thrust capabilities of

the rockets available at the time. Despite the current availability of high-thrust boosters,

the demand for considerably higher power systems has caused a continuation of interest

in increasing power density. There are basically two ways of accomplishing this:

either increase cell efficiency or reduce cell weight. Increasing the air mass zero

efficiency from the present 11% to 22% would essentially double the power density, as-

suming no major changes in cell structure are necessary to effect the increase.

Achieving such an efficiency would necessitate the use of cells sufficiently thick to ab-

sorb essentially all of the photons with energies greater than band gap - a thickness of
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more than 14-16 mils. Assuming 22% to be the practical upper limit to efficiency, an

increase by approximately a factor of two in power density is the best that can be ex-

pected from this approach. In addition, the outlook towards major increases in cell

efficiency has become less encouraging in recent years, although means for improving

cell efficiency have constantly been sought.

Lately, a number of investigators have been studying the alternative technique of re-

ducing cell weight by decreasing the thickness of the silicon wafer used. This approach

incurs some penalty in overall efficiency but is the more logical approach because it

offers potential power density increases greater than a factor of two and has the addi-

tional side benefit of providing a more radiation resistant cell. The loss in efficiency

is primarily related to a drop in the short circuit current, but an unexplained drop in

open circuit voltage also occurs. The loss in short circuit current is associated with

two factors: the completetransmission of a portion of the long wavelength photons and

the high surface recombination velocity at the back contact surface. These are two of

the major problems associated with the thin silicon cells; another is the handling prob-

lem associated with the fragility of the thinner wafers. The 0. 004" thick cell seems to

be the practical limit for thin cells at the present stage of technology although data on

cells as thin as 0. 002" have been published.

The work of Wolf and Ralph (219) provided one of the first analytical studies of the

special characteristics and problems of the thin cell. Their calculations showed that

a 0. 004" thick silicon cell would absorb approximately 84% of the available photons

(compared with N92% for a 0. 016" thick wafer) under air mass zero sunlight irradi-

ation. This gives a 9% loss in short circuit current density (and a corresponding loss

in efficiency) from this factor alone. The experimental results of Wolf and Ralph did

not agree with their theoretical predictions for cell thicknesses less than about 0. 012".

The data indicates a more rapid decrease in the effective minority carrier lifetime,

as the thickness is reduced, than would be expected from the theory, which included

the entire minority carrier generation, recombination, and collection mechanism.

It was suggested byWolfandRalph that deeply penetrating surface damage might be reducing
the effective thickness of the cell and thereby causing the deviation from the theoretical

curves. A subsequent experiment in which they took precautions to eliminate work

damage due to sandblasting was unsuccessful in confirming this idea. Paradoxically,

Crabb and Treble achieved a much better agreement with the theory by "accurate

measurement and the elimination of work damage at the rear silicon surface during

fabrication of the cell". Their experimental curve shows considerably better agreement
with this theoretical curve, but there is still an increasing deviation as cell thickness

decreases. If the effective cell thickness were being changed by a constant amount

(e. g. 0. 002") due to work damage at the back surface it should be possible to fit the

data to one of the theoretical curves by translating each data point along the cell

thickness axis by this fixed amount. An inspection of the data indicates that such a

eliminate the discrepancy. One is forced to conclude from this that either the effective

thickness is changing by a nonconstant amount with cell thickness or that the effective

diffusion length is changing more rapidly than would be predicted from considering the
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effects of the proximity of the back contact to the junction. The work of Crabb and
Treble indicates that the factor causing this degradation is probably some process
parameter which may be controllable to some extent; although, again, they were un-
able to completely eliminate the effect. The work damageat the back surface is a
contributing factor but is probably not the only cause.

The early calculations of Cheslow and Kaye of Electro-Optical Systems Inc. (297)in-
dicated that one way to partially alleviate the effect of the high surface recombination
velocity at the back contact of the thin cells is to incorporate a drift field into the base
region. The purpose of this work (NASA sponsored)was to develop a radiation re-
sistant solar cell, anda considerable amount of data, both theoretical and experi-
mental, on 0. 004" thick cells was obtained. A theoretical calculation indicated that
an increase in excessof 20%in collection efficiency should result from the incorpora-
tion of a 40 V cm-1 drift field into the base region of a 0.004" thick silicon cell,
assuming a bulk lifetime of the order of 10-5 sec (see Figure 57). This analysis
assumedthe field, mobility, and lifetime to be constant throughout the base region.
The experimental datapresented by Cheslow and Kaye confirmed the prediction to
some extent. Four rail cells with graded base regions had short circuit currents
which averaged 6%-18%higher than those of similar cells without drift fields. Short
circuit current densities for these 0. 004" thick drift field cells ranged from 23.0 -28.5
mA cm-2 under unfiltered 2800°Ktungsten illumination simulating, apparently, AM1
conditions. These results are very encouragingbut this approach to reducing the effect
of surface recombination appears to have received no further attention in recent work
on thin silicon cells. Further investigations in this direction might prove fruitful.
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Another possibility for reducing surface recombination effects was serendipitously

discovered in the course of the investigations of Burrill et al (294) into the use of

optically reflecting back contacts for utilizing transmitted long wavelength radiation.

The aluminum alloyed contact used to increase the reflectivity of the back contact was

found to result in an increase in response over almost the whole spectral range below

1.2 _m. This was interpreted to mean that the surface recombination velocity at the

contact had been reduced. Such an effect could, in principle, occur if the alloying of

the aluminum contact resulted in a graded P+ region adjacent to the contact. The

graded P+ region would reflect minority carriers away from the contact thereby re-

ducing its effective recombination velocity. It is interesting to note, however, that data

on the variation of short circuit current with thickness for reflecting contact cells whose

back surfaces had not been polished prior to contact evaporation agrees quite well with

the behavior predicted by the theory of Wolf and Ralph. A similar curve for cells with
polished reflecting backs shows the more rapid drop off in short circuit current with

thickness that was found experimentally by Wolf and Ralph, as does the curve for

rough backed ceils with a non-reflecting contact. This can be interpreted either to

mean that the increase in short circuit current due to absorption of reflected radia-

tion and lowering of the surface recombination velocity has almost exactly compen-

sated the hyperdegradation of the current or that the source of the hyperdegradation

has been eliminated in the case of the rough back reflecting cells. If the effect is

mainly due to the absorption of reflected long wavelength radiation then the increases

observed in cells under sunlight illumination will be considerably less than those

indicated in (294) since these measurements were made under tungsten illumination

which had a considerable percentage of its radiation in the wavelength interval be-

tween 1.0 and 1.2 _m. The reflecting contacts were originally conceived as a tech-

nique for reducing back contact heating and may prove useful where this is a matter of

serious concern. Studies of the effects of these contacts on the performance of cells

under sunlight illumination would be useful.

Ralph's paper (298) has provided the best summary of engineering data on thin silicon

cells to date. In reducing cell thickness from 0.012" to 0.004" a drop of approxi-

mately 0. 030 volts in the open circuit voltage occurred for ceils made from both 10

ohm-cm and 2 ohm-cm material. From the data given, the drop is only partially

explained by the drop in the short circuit current; the remainder being apparently due to

a small change in the reverse saturation current (i. e., a factor of the order of 1.4 - 2.4).

This change is consistent with a decrease in the effective lifetime in the base region

of the thinner cells. An important fact pointed out by Ralph is that potential gains

from the use of thin cells cannot be exploited until more advanced lightweight support-

ing structures (panels) and cover glasses have been developed. Some pertinent data

regarding this is shown in Figure 58.

c. Efficiency: The theoretical maximum efficiency of the silicon solar cell according

to the semi-empirical analysis of Loferski is 22%. The maximum efficiency ob-

served on cells has been about 15%. No significant change in the maximum efficiency of

experimental and production cells has occurred over the past seven years. There has,
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Figure 59. Tetrahedrally cut surface for antireflection effect. 

however, been a gradual improvement in the average efficiency because of better 
mater ia ls ,  improved processing techniques, etc.  ; so that the average moved closer 
to this maximum. Several ideas for obtaining radical increases in efficiency have been 
proposed since the introduction of the "Solar Battery". Many of these have dealt with 
mater ia ls  other than silicon o r  combinations of two o r  more materials. These will be 
discussed in the later sections of this report. 
stage and have been discussed in section IV-A. There have also been some experi- 
mental attempts a t  improving silicon cell efficiencies (other than those which achieved 
success  and have been discussed previously). Some of these experimental investigations 
will now be described. 

Others have not yet gone beyond the idea 

The first loss which occurs is that due to reflection. Antireflection coatings have 
successfully reduced this loss to a minimum in contemporary cells;  however, as a 
matter of historical interest ,  one other approach to  solving this problem will be 
mentioned. In 1960 Dale and Rudenburg proposed an alternative approach to  re- 
ducing reflection losses which consisted of cutting a pattern of inverted tetrahedral 
pits  into the surface of the cell (248). The structure is illustrated in Figure 59. 
Each pit acted as a corner reflector s o  that incident light underwent three reflections 
before emerging. The structure was  said to have a reflectivity of only 4% and had the 
advantage of being independent of wavelength. It did, however, result  in a high series 
resis tance.  The technique would seem to be rather  expensive and presents some 
formidable contacting problems. In addition, some degradation in cell  characterist ics 
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canbe anticipated dueto the increase in the effective area of the junction. This re-
duces the ratio of short circuit current density to saturation current density, thereby
degrading the voltage andother dependentfactors.

Efforts to improve absorption include the use of back contacts which reflect near infra-
red radiation (299)andthe use of fluorescent materials to convert a high energy photon
to two or more photonsof lower energy (300, 301). As was mentioned in the intro-
duction, photonswhich are transmitted through the cell are usually absorbed in the back
contact giving rise to heat which can degrade cell performance. If contacts, with suit-
able reflection properties wheninterfaced with silicon, could be devised some of these
photonscould be causedto pass through the cell a secondtime increasing the probability
of absorption as well as reducing heating. This technique will not improve the
efficiency of the conventional silicon cell significantly becauseit is sufficiently thick
to absorb almost all of the photons capable of exciting hole-electron pairs. Thinner
cells, however, might show measurable increases through the use of these contacts.
Attempts to provide sucha contact using an alloyed aluminum base were, at first, un-
successful (299), primarily becauseof processing technology problems. Recent re-
ports indicate that alloyed aluminum basedcontacts have beenused successfully to in-
crease reflection at the back surface of thin silicon cells (294). This work has been
discussed in the preceding section on power-to-weight ratio.

Both Hoffman Electronics Corp. and Technical Operations Inc. investigated the
possible use of fluorescent materials to convert high energy photonsto multiple low
energy photons. This technique has two potential advantages: firstly, lowering the
photonenergy meansthat it will be absorbed at a more favorable depth for collection;
secondly, the creation of multiple low energy photonsfrom a single high energy photon
gives, in principle, a more efficient transformation of input energy to electrical
energy.

Quite early in the developmentof solar cells (around 1956)the Hoffman Electronics
Corporation investigated a number of materials for use in shifting the energies of
photons(300). The earliest tried were a number of fluorescing dyes. With the ex-
ception of "Cerise Red Paint, " all of thesewere found to degrade the performance of
the cell even in the thinnest layers. Whenapplied in thicknesses less than 0. 003" the
"Cerise Red Paint" neither degradednor improved cell performance. Whenapplied in
thicker layers, performance was degraded in proportion to the thickness. This con-
stancy of cell output for various thicknesses of the fluorescent dye was attributed to
the balance betweenlow energy photonslost through absorption in the dye and low
energy photonscreated through the fluorescent process. Also to be considered is the
fact that an amount of fluorescent light equal to that reaching the cell is emitted from
the exposedphosphor surface. A number of phosphors consisting mainly of various
proportions of cadmium sulfide and zinc sulfide with a variety of activators were
tested. These also uniformly degradedthe efficiency of the cells, dropping the power
outputby 10%-20%in the thinnest layers.

The work at Technical Operations Incorporated was sponsored by the Air Force
Cambridge ResearchCenter (301). This work explored the use of dye layers to con-
vert both high and low energ_yphotons directly to mobile carriers as well as the above
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mentioned fluorescent technique. Fluorescent materials tested include acriflavin

hydrochloride and a commercial cadmium sulfide green phosphor. Strongly absorbed

monochromatic light was used to test the effectiveness of the fluorescent materials.

Under this illumination no power output could be detected from the cells, even in the

microampere range, for any of the materials. The minimum input power to drive a

bare cell was found to be approximately 0.01 mW cm -2 (this gave a current of 20

microamperes). The intensity of the monochromatic illumination was found to be

0. i mW cm -2 . The fluorescent illumination, while visible to the eye, was consider-

ably less than 0.01 mW cm -2 and hence was not capable of generating a current in the

cell which would have been measurable in the circuit used.

The idea of using dye layers to convert photons in the range 0.30-0.45 _m to hole-

electron pairs was ill conceived since the problem is really one of collection rather

than absorption. Acridine yellow and silver bromide layers were used in these ex-

periments in hopes that they would "sensitize" the cells by absorbing high energy

photons and transferring this energy to the silicon by carrier emission or vibrational

coupling. Needless to say this approach was completely unsuccessful as was a similar

approach for converting low energy photons ( >1 _m) to carriers. In this latter case

the dyes used (pinacyanol and other photographic dyes) would in fact increase the ab-

sorption of long wavelength photons but the carriers created must appear near the sur-

face of the diffused region of the cell. This, as with the high energy photon case,

makes their collection by the junction extremely unlikely.

Another approach to reducing series resistance losses (other than the use of grid lines)

was to coat the cells with a transparent conductive coating. This was investigated by

the RCA group at Mountaintop, Pa. (299). The coating was used in conjunction with the

conventional grid stripes. Two coatings were tested, tin oxide and gold-impregnated

silicon monoxide. Neither coating improved cell efficiency, and investigations in this

direction were quickly abandoned.

Ralph and Biekofsky (249) attempted to obtain higher efficiency cells through the use of

higher purity silicon. High purity (Grade I) silicon was substituted for the less expen-

sive "solar grade" material in cell fabrication. A comparison of 32 cells made with

grade I material and 32 control cells made with solar grade material indicated that the

control cells were superior. The average efficiency for the 32 control cells was 12.7%,

while that of the high purity cells was 11.1%. Mean characteristics were as follows:

control cells - Voc 0. 585V, Isc 56.0 mA; high purity cells - Voc 0. 565V, Isc 54.5 mA.
It was found, upon later measurement, that the bulk lifetime of the high purity ma-
terial was somewhat lower than expected, indicating possible contamination.

d. R_,tiation Resistance: Proposals for increasing collection efficiencies included the use

of drift fields. The first speculation about the effects of drift fields in solar cells

occurred in the late nineteen fifties (194). The effects of drift fields on minority carrier
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transport in semiconductors had beentreated in the middle nineteen fifties (302, 303)
in someof the early analysesof frequency response and transient effects in diodes and
transistors, but noneof this was applied to photovoltaic devices until the early nineteen
sixties. A discussion of the theoretical studies of the effects of drift fields on solar
cells, which beganaround 1960, is given in Section IV-A-5 of this report. Another
development in 1960was the suggestionby W. V. Wright that a drift field in the base
region of the solar cell might improve its resistance to the effects of radiation damage
(234). In the following year Electro-Optical Systems Inc. begana feasibility study un-
der NASA sponsorship to develop graded base silicon solar cells with the pr4_ary aim
of reducing the effects of high energy particle bombardment onefficiency (297). In the
experimental portion of the study both n-on-p and p-on-n gradedbase cells were pro-
ducedand tested. The graded base cells were produced by diffusing boron (in the n-on-p
case) into a wafer of 25 Ohm.cm silicon material. Relatively long diffusion times and
high temperatures (ascompared with junction formation) were used in this step. Typical
impurity gradients in the cells are shownin Figure 60. The initial graded base cells
were found to benot significantly different from ungraded control cells because the
graded region extendedonly to within 25 microns of the junction, leaving a 25 micron
field free region adjacent to the junction. Extending the graded region to the junction
yielded cells which, while showingno initial efficiency advantageover commercially
available cells (maximum efficiency 11%),were 3 to 20 times more resistant to electron
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and proton damage. It was noted that 4 rail thick cells with drift fields had almost 20%

higher short circuit currents than field free cells. Tests indicated that in several cases

the control cells also showed superior radiation resistance to commercially available
cells although falling somewhat below the drift field cells.

Early in 1964 Electro-Optical Systems began working on the fabrication of epitaxially

grown drift field cells (304). In the formation of these cells boron was deposited on the

surface of a high resistivity silicon blank and diffused to a depth of 55-60 microns. A

125-150 micron thick layer of low resistivity silicon was then epitaxially deposited on

top of the resulting drift field region. The cell was then lapped, etched, and phosphorus

diffused to form the junction. The cell was completed by applying grids and an anti-

reflection coating. Cells with efficiencies as high as 9.6% were fabricated during the

first half of 1964 by this technique.

Texas Instruments Inc. and Heliotek also began experimenting with the use of drift

field cells to improve radiation resistance in 1963. Both companies were sponsored

by NASA in this work (305, 306) and both used epitaxial techniques. Texas Instru-

ments explored the possibility of producing a resistivity gradient by programmed

doping during the epitaxial growth process. This was an ideal technique because it

eliminated long diffusion cycles, however, it apparently was not developed to a

practical stage. The majority of the drift field cells made at Texas Instruments

were made by depositing a high resistivity epitaxial silicon layer onto a heavily

doped silicon blank and diffusing the impurities from the heavily doped silicon into

the epitaxial film to give a resistivity gradient. A junction was then formed by dif-

fusing phosphorus into the front of the cell. Cells with efficiencies as high as 9.7%

were made in this manner (307). Surface layer gettering techniques were used to

improve carrier lifetimes in the materials after the epitaxial deposition. Some of

the drift field cells produced by Heliotek utilized an evaporated sintered silver-

titanium back contact. These cells were generally more efficient than those using

the conventional electroless nickel deposition process. Heliotek reported efficiencies
in excess of 10% for some of their drift field cells.

Westinghouse Electric Corp. has investigated the possibility of developing drift field

cells using dendritic silicon (290). Both epitaxially graded and diffusion graded cells

were fabricated. The epitaxially graded ceils had generally higher efficiencies than

the diffused cells and were comparable in radiation resistance. An attempt to pro-

duce drift field cells by out-diffusion resulted in cells with very low efficiencies.
The efficiencies of all of these drift field solar cells fell we!! below those of normal

commercial silicon cells. The maximum for the epitaxially graded cells was 11.5%

and for diffusion graded cells 8%. A study of the correlation between radiation re-

sistance and drift field width indicated that the optimum width lies between 30 and 40
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microns. The cells showed a superior radiation resistance to fluxes of 1 MeV elec-

trons when compared with commercial N/P cells (10 Ohm. cm and 4 Ohm. cm) but the

results of bombardment with other particles and at other energies were inconclusive.

The most recent analysis of drift field cells was performed by Kaye and Rolik (see

discussion in Section IV-A-5). They determined that, for lifetimes corresponding to

damage caused by a total flux of 1016 i MeV electrons, the optimum drift field thick-

ness (yielding maximum collection efficiency) lies between 50 and 100 microns.

Experimental cells having near-optimum drift fields were constructed for testing and

comparison with cells having non-optimum drift fields and field free cells. The re-

sults of their experimental work are shown in Figure 61. The near-optimum field cell

is indeed superior to the other two at the specified integrated flux level, although not

grossly so. The near optimum cell also _hows slightly better radiation resistance at

the lower flux levels, but its initial short circuit current is lower than either of the

others. The non-optimum cell for which data is shown had a drift field region thick-

ness which was smaller than the optimum. Comparison with a cell having afield con-

siderably wider than the optimum (e. g. 150 _m) would also have been interesting.

The most important recent development in solar cells has been the development of the

lithium-diffused radiation-resistant cell. Work on this originated in 1962 and has

been supported by a number of NASA contracts (308-310); see also Table XVIII in
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Appendix III. The cells have been shown to have a definite ability to recover from

radiation damage (311). There still exists, however, a lack of understanding of the
mechanism of introduction of the defects in lithium-doped silicon, and of the anneal-

ing process. Figure 62 shows a control cell made from the same silicon material as

the lithium-doped cell under 1-MeV electron bombardment. Irradiation was stopped

periodically and the cells were allowed to anneal at room temperature for the times

indicated. The presently dominating view is that the recombination center is the re-

sult of a pairing between a radiation induced vacancy and a lithium ion. The recovery
mechanism then involves the diffusion of another lithium ion to the recombination

center, and its pairing with the lithium-defect complex.

It has been established that the speed and extent of recovery are strongly dependent

on the amount of free or unpaired lithium. This factor has been particularly apparent

in studies of the differences in annealing rates between cells made from silicon grown

by the quartz crucible technique and that produced by the floating zone technique. The
float-zone material has a considerably lower oxygen content than the quartz crucible

material. Lithium interacts with many types of impurities and defects and, in the case

of oxygen, forms stable LiO + pairs. If oxygen is present in appreciable amounts the

ability of the lithium to diffuse to a damage site will be considerably inhibited and anneal-

ing times can become quite lengthy at normal temperatures. Annealing rates in some

samples of quartz crucible silicon were so slow that early investigators concluded that

annealing by Li did not occur in this particular type of material. It is apparent that in

order for lithium to provide relatively fast recovery for radiation damaged solar cells

it is necessary that the cells be made from silicon which is relatively free of oxygen.
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There is some evidence that a cell structure which incorporates a diffused phosphorus
layer next to the junction (i. e., betweenlithium-diffused region and p-region) to give
a three-layered p/n(P)/n(Li) structure, provides a device with improved radiation re-
sistance without sacrificing the ability to recover. While high-efficiency (13 to 14%)
lithium dopedcells have beenproduced, the lithium-doped cells, on the average, ap-
pear to have lower efficiencies than comparable cells without lithium doping. The
properties and possibilities of the lithium cells are receiving considerable attention at
this time.

e. lIetal-silieon and oxide-silicon interfaces: After a few early experiments with gold-

silicon barriers on solar cells had been carried out by Ralph and Wolf at Hoffman

Electronics Corp. in 1959, with low open-circuit voltages, short-circuit currents,

and hence efficiencies of less than 5%, being obtained, the photovoltaic characteristics

of metal-silicon interfaces were studied in more detail at Tyco Laboratories under Air

Force sponsorship (AF19(628)-2845; see Table XVI in Appendix III) in conjunction with

surface states studies (286). Both gold-silicon and aluminum-silicon contacts were

investigated. Gold on n-type silicon and aluminum on p-type silicon were the most

sensitive combinations, yielding maximum efficiencies of 2% and 3.5% respectively.

The devices were made by evaporating a transparent film of one of the above metals on

the freshly etched surface of a circular silicon wafer. A peripheral electrode was

deposited to act as a current collecting electrode. The opposite side of the wafer was

nickel plated to provide a large area ohmic contact. The optimum metal film thickness

(i. e. the thickness which resulted in highest photo-current) had a transmission of 27%

for tungsten light. This figure precluded any expectation of a high efficiency device.

This limitation could have been overcome by the use of grid lines, however, the pur-

pose of this work appears to have been the investigation of the effects of surface oxide

layers and surface states on the photovoltaic characteristics of the metal-semiconductor

interface rather than the development of a device.

The effects of the oxide layer thickness on the properties of the Au-Si device were

investigated by exposing a dozen wafers from the same ingot to a thermal oxidation

treatment (550°C) for different time intervals. The varying oxide thickness was

found to have little effect on the open circuit voltage, however, the short circuit

current exhibited a rapid initial decrease followed by a more gradual decrease as
the grown oxide thickness increased beyond 5A. The data indicate that the thickness

of the intrinsic (i. e. naturally occurring) oxide layer is approximately 7A.

The Fermi level at the semiconductor surface as a function of temperature (100°K -

400°K) was studied by the use of capacitance and open circuit voltage measurements.

The temperature variation of the Fermi level position and the photovoltaic character-

istics indicates that there are two surface states located at positions 0.3 eV and

0.52 eV below the conduction band. These states were found to have a profound

effect on both the open circuit voltage and the short circuit current. The surface

states appear to contribute to charge separation in a manner which is not well
understood.
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C.COMPOUNDSEMICONDUCTORCELLS

As noted in Section IH-C, the success of the early silicon cells was closely followed

by work on compound semiconductor cells by Gremmelmaier (GaAs), Talley and Enright

(InAs), Reynolds (CdS), and Avery et al. (I_b). In this section, the progress in this

field of research will be followed from 1955 to the present day. However, work on

thin-film cells (which have been based almost exclusively on compound semiconductors)

will be described later. In an effort to provide maximum continuity, an account will be

given of the development of cells based on each compound for the entire period 1955 to

the present. Thus, the following account is not in overall chronological order. Where

connections exist in the development of cells of different materials, suitable indications

have been given in the text.

Much of the support for research and development in this area has come from govern-

ment agencies; see Table XIX in Appendix HI for a summary of these.

In general, the choice of semiconductors for investigations aimed at making solar

cells has been governed by two factors: (i) the theoretical considerations of opti-

mum Eg, as described in Section IV-A-1 above, and (ii) the state of materials
technology for the candidate compounds. Generally, of course, the theoretical

considerations have been dominant, and the research effort has frequently been

aimed at making good the deficiencies of the materials technology. It is a re-

markable fact that in no case has this effort been sufficiently successful to pro-

vide a serious competitor for the silicon solar cells in use today, for conversion

efficiency and cost.

1. Gallium Arsenide

With both of the above considerations in mind, an early subject for investigation

and one which has provided the most promising cells, has been GaAs. As mentioned

in III-C-3, the first report of a cell made of this material was by Gremmelmaier,

who obtained a cell on a polycrystalline wafer showing a sunlight conversion efficiency

of 4%.

The next group to enter the field was that working under Rappaport at RCA Labora-

tories, and work in these laboratories and at others in RCA, has provided almost the

entire Western effort in this field. The work was initially funded by the Signals

Corps (152) during the period April 1955 to August 1957. Several materials were

investigated (CdTe, InP, experimentally and others theoretically), aside from GaAs.

Difficulty was experienced in obtaining GaAs wafers of sufficiently low impurity

concentration and with adequately large single crystals, so the results were vari-

aul_:;o JEIVWt:)yt:)l-, 1--111111-- t_;_ll_ iUllllCki U_/ LAII, hi.l, CllIiA 11_ UllIIA_J.UII JAILU W_t£l_JL_ t_JUt.

from ingots showed efficiencies up to 6.5%, and later cells of about 20-mm2 formed
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by Cd diffusion showedefficiencies of up to 3.4%. Initial difficulties with contact-
ing were eliminated, leading to cells with reasonably low Rs losses. However,
measurements showedIo to be 105times larger than that predicted by diffusion
theory, and to vary with temperature as exp (Eg/2kT) rather than exp (Eg/kT). This
reduced the working voltages below those theoretically predicted, though not

disastrously so, Voc values up to 0.9 V being seen. However, the Isc values were
nearly a factor of ten lower than those predicted. This was found to be due not to
surface recombination, but to low minority-carrier lifetimes. At the time these
were ascribed to non-stoichiometry and crystal defects in the GaAs, whereas they
are now knownto arise from direct recombinations betweenfree holes and elec-
trons. In addition to these diffused-junction cells, small-area junctions were also
made by alloying of Zn or In dots, followed by chemical removal of the bulk of the
alloying material to exposethe p-n junction. Naturally, such a technique would not,
in general be applicable to large-area cell manufacture. Jenny, Loferski, and
Rappaport reported briefly on the results obtained, in 1956(153), also giving a
spectral response curve for the Cd-diffused cells. This curve showedthe
onset of photo-current at a wavelength corresponding to Eg=l. 35 eV, as would be
expected.

Sovietworkers were quick to take an interest in the possibilities of GaAs photo-
cells, as witnessedby a report by Nasledov andTsarenkov (312)in 1957. GaAs
cells were prepared in n-type polycrystalline wafers by diffusion of Cd, reference
being madeto the RCAwork. Diffusion was performed in a sealed ampoule in
which two temperature zones existed, the GaAs wafer being at 1050°C, andthe
secondzone being at 850°C to maintain the vapor pressure of Cd at a value
sufficiently low to prevent attack of the GaAs surface. Results comparable to
those of the RCAgroup were obtained, the spectral response being shown, and
an efficiency of 2.8%for a device 1.8 mm2 being obtained. However, Isc values
of up to 8.3 mA.cm-2 were obtained (rather higher than the RCAwork), whereas
the poor contacts used (a pressed tin contact to the diffused layer) resulted in a
larger Rs, with a corresponding power loss. Th_ polycrystalline wafer used for
this study indicated that here also difficulty was being encounteredin obtaining
starting material of adequatequality.

In 1957,Gremmelmaier (313)reported further work involving GaAs cells, in which
_-irradiation was usedto excite a p-n junction, and from these measurements a
diffusion lengthwas calculated. This was found to be 8_m for a diffused junction
in GaAs, with a maximum lifetime of 9 nanosec.

Meanwhile, the work at RCA continued, under further funding by the USArmy
Signals Corps(192). The objective of this work was to make cells capable of
operating at higher temperatures than silicon cells. The main research done was
on cell fabrication techniques, to evolve manufacturing methods capable of yielding
cells with an area comparable to silicon cells, andwith sunlight conversion
efficiencies of 8%. Work on GaP-GaAs, CdTe, and CdSecells was also doneunder
this contract, andwill be described later.
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The work on GaAs covered three main areas during the period July 1958 to

October 1960:

{i}

(ii)

(iii)

Diffusion process parameters such as diffusion time, temperature, and

dopant material and its concentration were varied in a systematic

way to maximize cell efficiency. It was found necessary to maintain a low

surface concentration of dopant during diffusion to prevent attack and

alloyingof the GaAs surface. When the sealed ampoule technique was being

uaed for diffusion, a limited amount of dopant was weighed into the

ampoule to provide the desired vapor pressure at the diffusion tempera-

ture (cf. the two-zone diffusion ampoule technique used by Nasledov). Zn

and Cd were used for this work, and the best results were obtained with

low diffusion temperatures (_ 700 ° C), and junction depths of_ 1 _m. It

also proved necessary to control carefully the cooling rate at termination

of the diffusion, too rapid cooling leading to blistering of the GaAs surface

by rapid out-diffusion, too slow cooling leading to alloying of the GaAs

surface. Later in the work, the open-tube diffusion technique was used,

in which the dopant (Zn) was passed over the wafers in a stream of carrier

gas, thus allowing greater control of the diffusion ambient during pro-

cessing. Problems were encountered in obtaining a sufficiently high surface

concentration in this case, but again control of the rate of temperature

drop at the end of diffusion was found to be necessary, and this could be

controlled to provide the required surface concentration while still avoid-

ing alloying. The best results from ampoule and open-tube processes

were comparable, the cells having sunlight efficiencies of 7% with areas of

0.7 cm 2 and junction depths of 1 _m or less.

Measurements of spectral response were combined with theoretical analy-

sis as described in Section IV-A-1 to provide estimates of minority-

carrier lifetime and diffusion lengths. Although this work was hampered

by lack of accurate optical absorption data for GaAs, it was estimated that

a minority-carrier lifetime of 10 -10 sec was being obtained in the finished

cells, and this was causing a serious reduction in collection efficiency. To

deal with this problem, post-diffusion treatments to improve minority-

carrier lifetime were investigated. These involved low-temperature

diffusion of Cu or Ni into the cell at about 300 ° C, but the results were

largely negative. The most effective way of improving the collection

efficiency was found to be reduction of the junction depth by a combination

of shallow diffusion and post-diffusion surface etching.

Measurements were made of cell efficiencies at high temperatures and

after 8.3-MeV proton irradiation, and the results were compared with

those obtained on silicon cells. With the discovery of the natural radia-

tion belts surrounding the Earth, radiation resistance had become an

important parameter in solar cell studies. Radiation was found to lower
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cell efficiency by introducing defects which lowered minority-carrier

lifetime and mobility, thus reducing minority-carrier diffusion length.

Since silicon cells required a large diffusion length to overcome the low

optical absorption coefficient of the material, it was clear that such cells

were easily damaged by radiation. It was hoped that GaAs, with its

intrinsically high optical absorption coefficient, and thus a less stringent

requirement for large minority-carrier diffusion lengths, would prove

more radiation-resistant. The rate of loss of efficiency with increasing

temperature for the GaAs cells was not found to behave as theoretically

predicted, but a performance superior to that of silicon cells was seen.

Thus, a GaAs cell of 7% efficiency at room temperature provided better

efficiency above 150°C that a silicon cell with 10% efficiency at room

temperature. Th3 radiation-resistance measurements indicated that the

GaAs cells were more resistant to radiation damage than silicon cells,

but since the starting efficiencies of the GaAs cells were low (_ 3%), the

results were not considered to be of great significance. The early results

of this work were also reported at the 13th Annual Power Sources Coference

in 1959 (314). The behavior of Io with increasing temperature was described

as being the cause for the cell efficiency variation with temperature not

following the theory, as was initially reported during the earlier work (152).

Further progress was reported a year later at the 14th Annual Power Sources Con-

ference (315), the results already described being presented, but in addition some per-

formance datawere given for the cells now being made by Lamorte's group working at

RCAVs Somerville plant, under the sponsorship of the USAF (316). This contract com-

menced in April 1959 and was concluded in May 1962. Building on the exploratory work

done at RCA Laboratories, production techniques were developed for cell manufacture,

and the area capability and conversion efficiency were greatly improved. This work

was reported in detail and has been the only major industrial program applied to GaAs

cell development.

A major effort was applied to growing suitable starting material in the form of

single-crystal GaAs ingots from which lcm x 2 wafers could be cut with a minimum

of waste. This involved refinement of the Bridgman technique, using a seed to

avoid polycrystallinity and supercooling. A progressive freeze was obtained by

moving the furnace relative to the ampoule to provide orderly and slow growth, a

point found necessary to improve the crystal quality by minimizing defects. Treat-

ment of the quartz ampoule inner surface to minimize wetting and resulting mech-

anical stress in the crystals was also found to be necessary.

Most of the crystals used were germanium-doped, a few being tin-doped, both pro-

viding n-type base material. The ingots were grown with the (111) axis along the

ingot, so that slicing across the ingot was used to provide wafers with (111) planes

exposed. The slices were polished before diffusion, and chemical polishes were
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found to yield consistently better cells than mechanical polishes, probably by

giving less work damage. Initially, the sealed-ampoule diffusion syatem was used

but an open-tube process was quickly adopted because of the improved control

possible with this system. Various furnace geometries were used in an effort to

optimize the diffusion process. The majority of the best cells were made in two

types of furnaces, one a resistance-heated tube furnace, the other using a radiant-

heating system. Results showed the latter to give the best results by a small mar-

gin. The resistance-heated tube furnace thermal mass set a limit on the heating

and cooling rates which could be achieved, whereas the radiant-heating system, in

which the wafer was heated directly by radiation from a hot body, was found to pro-

vide much more rapid heating and cooling cycles. This made possible the diffusion

of much shallower junctions, using a short high-temperature cycle with high sur-

face concentration of diffusant. (This may be contrasted with the original work

done at RCA Laboratories, in which shallow junctions could only be formed by low-

temperature diffusion). The radiant-heating technique was also felt to minimize

cell contamination, by having the GaAs at a higher temperature than the furnace

walls. However, slice temperature control in this type of furnace was found to be

more difficult than in tube-type furnaces, leading to a greater spread in cell

characteristics.

The etching process originally used by RCA Laboratories to reduce the surface

region thicl_ness was also further developed. The principal difficulty encountered

here was the provision of controls to stop the etching once the optimum surface

region thickness had been reached. (The optimum represents the best trade-off

between surface region sheet resistance and collection efficiency, as described in

Section IV-A-l). Initially this was done by etching briefly, chect_ing the cell

characteristic, etching again, checking, etc., until the efficiency maximum was

reached• Clearly, such a technique could be applied to production only with diffi-

culty, but a fixed-time etch process was found not to give adequate reproducibility.

Eventually, a system was devised whereby the cell current (Isc) was monitored

continuously during etching, the process being terminated on reaching the Isc

maximum. Interestingly, it was found that this etching caused changes in the diode

characteristic, since the junction was within a diffusion length of the surface, so

that surface recombination influenced the conduction.

Contacts and grids were applied to the cells by vacuum deposition of silver followed

by solder coating using preformed solder strips to avoid the dipping process, which

had been found to severely degrade cell performance. Finally, an antireflection layer

of a 1/4-X Si0 coat was applied by vacuum evaporation.

Over the three-year duration of this work, the cell efficiency steadily improved,

moving from the feasibility-study cell types developed by RCA Laboratories
,a _ ___2 ,01 ^_.-^.. ..... _ ,^ _ o _2 ,_a]] ,.,_tl_ ,_ ,,_al,-1 ,_,,_-,,a naiL- _t r_ r_O]_ ilq_q-_n_

7.5% (1960-61), and 8.5% (1961-62). The maximum cell efficiency seen was in the

13 to 14% interval. Detailed measurements of the variation in conversion efficiency
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with temperature confirmed the initial RCA Laboratories' results, the cell perform-

ance falling by 0.02 to 0.03% per C ° for GaAs, compared with 0.035 to 0. 045% per

C ° for silicon cells. The behavior of cell performance under proton irradiation was

also measured. The critical flux (required to cause a degradation of 25% in cell

efficiency) was found to be in the interval 1.5 to 6 x 1012 17-MeV protons cm -2 for

the GaAs cells, compared with 1.5 to 2.0 x 101] cm-2 for n/p silicon cells with

similar initial efficiencies. Another point of comparison between GaAs and silicon

cells was brought out by the radiation work. This showed that the matched load
for the GaAs cells changed by only 5% under an irradiation dose of 1012 17-MeV

protons cm -2, whereas for n/p silicon cells under the same dose the matched load

resistance had changed by more than 50%. Thus, operating under fixed load im-

pedance conditions (as would be normal on a spacecraft), the GaAs cells would pro-

vide a considerably more stable power supply under irradiation.

Research on various alternative cell formation processes was also pursued under

this work. A small number of n-on-p cells were made, and although these had a

lower efficiency than the p-on-n cells (2.3%), it was felt that this type of cell

would be worthy of further study, since the electron mobility of GaAs is much higher

than the hole mobility, and thus the surface layer resistance in an n/p cell should

be correspondingly lower than in a p/n cell with the same junction depth. (It would

appear that the minority-carrier diffusion length should be greater in the p-type

base also, for the same reason. This should act to increase the collection effici-

ency, a point not mentioned in the reports. However, the potential efficiency in-

crease available here would be small because of the already high collection

efficiency, and might well be outweighed by the increase in cell resistance from the

increased base region resistivity. ) Another cell process which received rather

more attention was the epitaxial growth of GaAs on GaAs, to form the surface layer.

Two deposition systems were used, both based on the halide transport process:

3 GaX+ As 2 --_ 2GaAs+ GaX 3 (X=C1, Br, or I)

In the first, the reactants were formed by passing HC1 over heated GaAs. In the

second, GaC1 was formed by passing GaC13 over heated Ga, with the arsenic being

sublimed f_om the solid. Although the cells made by this technique exhibited low

efficiencies, this was felt to be a reflection of the processing technology rather than

a fundamental limitation. The control of the carrier concentration which is possible

in the GaAs grown this way is particularly interesting, a point which has been ex-

ploited more recently by groups working on other types of GaAs devices. Gobat,

Lamorte, and McIver (317) and Lamorte (318) published summaries of the results

obtained, during 1962. However, the maximum cell efficiencies seen were higher

than those quoted in the Final Report (316).

An efficiency of 13%, and a Voc value of 0.96 V (not necessarily in the same cell)

under 100 roW. cm-2 sunlight, were quoted (317).
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Meanwhile, the Soviet work under Nasledov continued (319), and at the end of 1959 had

apparently reached a status comparable with that of the RCA work, though it is not

possible to make an exact comparison, since the Russians do not give cell areas

or conversion efficiencies. However, the cells were being made on polycrystalline

GaAs (indicating that single-crystal GaAs was less readily available in the USSR

than in the U.S. at this time.)

Further, the junction depths quoted (_ 10 _ m) miliate against a good cell

efficiency, which is borne out by the poor blue response of the cells in the spectral

response curves shown. The cells were apparently made by the same techniques as

those reported earlier (diffusion of Zn or Cd into n-type base material of 1017

carriers cm-3). However, the cell contacting techniques had improved, evapor-

ated Ag contacts to the p-layer being used (cf. the work of RCA Somerville, above).

In 1960, the results were published of research at TI laboratories (Dallas),

apparently internally funded (320). The cells were of structure similar to those

made at RCA Somerville, having a 1 x 2 cm n-type base with a shallow Zn-diffused

junction, and an antireflection 1/4-k coating of vacuum-deposited SiO. However,

contacts were made by the electroless nickel process, and this probably was a

major contribution to the rather large R s value which can be deduced from the I-V
characteristic shown. The current density for the cells was about 13 mA. cm -2,

comparable to that of the RCA work in 1962. An efficiency of 7% was quoted for the

TI cells, which is almost exactly the same as that for the RCA cells of this period

(1960).

The original research at RCA Laboratories continued during the period November

1960 to October 1961, again under Signals Corps funding (321). Only a portion of

this contract effort was devoted to GaAs cells, radiation studies on silicon cells

also being performed. A solution-regrowth process was investigated for making

p-n junctions in GaAs cells. This involved immersion of the base wafer in a solu-

tion of GaAs and dopant in gallium at a high temperature (_700 ° C); the tempera-

ture of the solution was then raised slightly to dissolve a little GaAs from the wafer

surface to perform a cleaning operation, followed by a slight lowering in solution

temperature to cause precipitation of GaAs onto the wafer surface, the regrown

material containing dopant to provide a conductivity type opposite to that of the

base wafer. In this way both p/n (Cd or Zn in solution) and n/p (Sn in solution)

cells were made. This provided a surface layer with a very high carrier concen-

tration (5 x 1018 to 2 x 1019 cm-3), but the resulting poor operating characteristics

of the diodes gave low efficiencies. Also, difficulty was encountered in obtaining

uniform regrowth, so that large-area cells were not obtained.

studies. Under bombardment with 800-keV electrons, the degradation was found to
be the same as that for n/p silicon cells, the critical flux (to produce a drop of 25%

in efficiency) being about 2 x 1016 cm-2. The main efficiency loss occurred by a
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drop in Isc. Under bombardment with 19 MeV protons, however, the cells were
considerably more resistant than n/p silicon cells, with results similar to those
obtained by the RCASomerville group (see above).

In 1962,the Astro-Electronics Division of RCA, under contract to the USAF, pro-
vided information concerning array manufacture using GaAs cells (322). The
results were pertinent to systems fabrication only andwere therefore beyond the
scope of the present work. The status of GaAs cells was comparedwith that of
silicon andother cells by Loferski in 1963(323), and the reasons for the effici-
ciencies seenwere discussed. In particular, the significance of the low minority-
carrier lifetimes wasnowunderstood, the work of Hall (324) and Mayburg (325)
being quoted, concerning the likelihood of direct recombination processes occurring
in GaAs. The fact that GaAs is a direct bandgapmaterial was now appreciated, so
that lifetimes greater than about 10-8 sec could not be expectedin material with a
carrier concentration of 1017cm-3. However, Loferski calculated that the short
diffusion length value resulting from this would be offset by the optical absorption
coefficient, so that in principle (i. e., with no surface recombination), collection
efficiencies close to unity should still be achievable. In practice, the best GaAs
cells had an Isc density of 17mA. cm-2 (the calculated theoretical maximum being
32 mA. cm-2) under 100mW.cm-2 sunlight illumination. Loferski quotesthe maxi-
mum conversion efficiency seen as being 13%,corresponding to the data given by
Lamorte (317).

By now, the greatest amount of money being spent on solar cell research was con-
cerned with radiation testing, and comparisons betweensilicon and GaAs cells under
various radiation conditions could be made more accurately. Wysocki (326)pub-
lished results onGaAs cells irradiated under both protons and electrons with vari-
ous energies, obtainedwith the support of the USAF (322) and NASA (259). These
showedthat under high-energy electron (5.6 MeV) and proton (1.8 to 9.5 MeV)
bombardment, the critical flux for GaAs cells was a factor of ten higher than n/p
silicon cells. For 0.8-MeV electrons, the performance of the two cell types were
comparable, as mentioned above. For low-energy protons (0.1, 0.4 MeV), however,
the GaAs cells were more susceptible to damagethan n/p silicon cells. Wysocki
attributed this behavlor pattern to the fact that the GaAs cells operated by collection
from the region of the cells very close to the illuminated surface, so that particles
absorbed primarily in this region (i. e., low-energy particles) would have a large
influence on cell operation, whereas more penetrating radiation would have little
effect. In silicon, on the other hand, the major response came from the base region
of the cell, so that the converse would be true. The results fitted with this picture,
which was also supportedby spectral response measurements. These showedthat
the silicon cells lost mainly red response under irradiation since the longer wave-
lengths were absorbedless strongly andthus generated carriers deepin the base
region. For the GaAs cells, however, the blue response was mainly lost under
irradiation, since the longer wavelength photons could penetrate sufficiently far into
the cell to be absorbednear the junction. Thus, a coherent picture of radiation
damage in GaAs cells was established.
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Progress in the Soviet work was reported by Gutkin et al. in 1962 (328). The origi-

nal junction formation methods (Zn or Cd diffusion in quartz ampoules with two

regions at different temperatures} were still in use, but the starting material was

now Czochralski-pulled single crystal with 1017 electrons, cm -3. (This should be

contrasted with the Bridgman technique being used at RCA Somerville; unfortunately,

no process details are given by the Russians but the solution to the problem of main-

taining an adequate As 2 pressure in the growth chamber in equipment which requires

rotating and sliding motions of the pulling head is a difficult one. ) The cells were

5.5-mm-diameter discs, with indium contacts: the discontinuance of the use of

silver electrodes (reported earlier} was not explained. Although performance

measurements were not reported, it appears that the cells were of low efficiency

since the junction depths were still _ 10 _m, and the spectral response curves show

a correspondingly poor blue response. Measurements of spectral response were

made over the temperature range 78 to 417 ° K, the operating temperature presum-

ably being limited to below 429°K (156 ° C) by melting of the In contacts. The junc-

tion I-V characteristics were measured and found not to obey the Shockley or Sah,

Noyce, Shockley theories, it being postulated that the effects seen were due to sur-

face recombination effects, as had been suggested by Lamorte's work. In addition

to the photovoltaic work, photodiode characteristics were also described, suggesting

that the devices were intended for detectors as much as energy converters. Only

in 1963 (329) was any mention made of Russian devices in which the shallow junction

(_ 1 _m) characteristic of efficient cells was used. This later work was entirely

devoted to the use of the devices as photodiodes, however.

In 1962, further support for the RCA Somerville GaAs cell production facility was

obtained from the USAF (330), and work aimed at optimizing production processes

using a pilot line was pursued during the period June 1962 to February 1964. During

this period, the GaAs crystal-growing process was modified, to replace the Bridgman

technique (in which progressive freezing was obtained by relative motion between the

ampoule and the furnace}, with a gradient-freeze technique in which furnace and

ampoule were fixed. Multizone temperature control in the furnace was used with

programmed power supplies to move a temperature profile along the ampoule, thus

inducing progressive freezing of material from the seed onwards. This produced

more reproducible material, and enabled production volume to be increased. Small

changes were also made in the arsenic overpressure (governed by the cold zone

temperature in the ampoule}, to reduce boat wetting, and in the selection methods

for seed crystals, to improve GaAs quality.

The radiant-heating diffusion process investigated earlier did not prove to be capa-

ble of being adequately controlled, so the original open-tube technique was used.

This involved a 13-minute diffusion at 720°C in a nitrogen atmosphere, using Zn as

diffusant. The junction depth thus produced was 1.5 _m on the average. After

etching to expose the base material at the back of the slice, the cells were cut to

size with an ultrasonic tool. Both grids and back contacts were deposited by vacuum

evaporation of nickel and silver, followed by a sintering operation at 600 ° C under a
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hydrogen atmosphere. Most of the cells were equippedwith nickel tabs to facilitate
array construction, the tabs being attachedwith a Ag-Pb eutectic solder. The sur-
face thickness was then reduced to_ 0.5 _m by etching in KOH:H202solution using
the etch-and-test process developedearlier (see above). Finally, anantireflection
coating of Si0wasvacuum-evaporated onto the cells. A large effort was made under
this work to developtrays, jigs, etc., to maximize the efficiency of the manufacturing
processes. Manydetails of these together with statistical information on the pilot
line operation were given in the Final Report. Fundamentally, the cells were the
sameas those manufacturedunder the previous contract. However, the yield curve
on the pilot line peaked at 9.5% conversion efficiency at the end of the program (cf.

8.5%, 1961-62), with a noticeably smaller spread in cell characteristics than earlier.

Testing of the cells under various operating conditions generally yielded no surprises,

the cells being stable. However, for operating temperatures above 200 ° C, degrada-

tion in Voc was noted during the first few hundred hours of operation, typically from

a starting value of 0.86 V down to 0.60 V, and with a small decrease in Isc. This

was found to occur only in cells with tabs, and to be caused by degradation of the p-n

junction under the contact area. It was felt that this indicated that the tab attachment

method needed modification, but it was concluded that the cell was intrinsically stable.

Operation of the cells at high temperatures and at high light levels (up to 700 to 800

mW. cm -2) showed the cells to be much superior to n/p silicon cells under these

conditions, as was expected. In addition, radiation-resistance measurements on the

cells were quoted, the results being those reported by Wysocki (326). Finally, it should

be noted that although the pilot cells were all 1 cm x 2 cm units, a small number of

experimental 2 cmx 2 cm cells were also made, which showed efficiencies up to 10.2%.

In spite of the great advances made in GaAs cell technology and performance during

this program, the cells could not compete with conventional silicon cells for normal

space mission requirements, so that further development has largely ceased in the

period 1964 to the present. But a few notes on the research are in order. The Russian

work under Gutkin continued with comparisons between theoretical and experimental

spectral response curves for cells with surface layer thicknesses down to 1 Dm (331).

Work aimed at investigating the influence of crystal orientation on the quality of p-n

junctions (332) showed that the orientation did not affect the diffusion within the limits

of experimental error. However, the report was notable in that Bridgman crystals

were now being used in place of the Czochralski material used earlier, as men-

tioned above. Further work by Gutkin (333) showed that the spectral response of GaAs

p-n junctions at photon energies considerably higher than the band edge (measurements

were made up to 5.4 eV) indicated a fundamental change in the quantum efficiency of

the absorption process. The band structure was examined to consider the various

transitions which could occur in the absorption. It was concluded that the most likely

process was impact ionization, in which an electron excited into the conduction band

had enough energy to cause a valence-to-conduction band transition in a second electron,

thus creating another hole-electron pair. Further measurements on low-energy proton

irradiation of GaAs cells were reported by Wysocki et al. (334). As before, the GaAs
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cell behavior showed a rapid loss of Isc under irradiation, and the measurements
allowed a model to be developed for predicting the effects of irradiation on performance

for the range of proton energies below 6 MeV.

This is then the present situation for GaAs single-crystal cells. The most efficient

cells made had a structure closely analogous to that of conventional silicon cells,

in that they consisted of a shallow p-n junction formed by diffusion into homogeneous

base material, with gridded surface contacts, and Si0 antireflection coatings. Al-

though the cells have proven advantages over silicon for use in high-temperature

and/or radiation environments, the cell costs remained more than an order of magni-

tude higher than for silicon cells, partly because of the high cost of starting material

and partly because GaAs is inherently a more difficult material to work with than

silicon. Hence, there is no production of GaAs cells at the present time, and re-

search on such cells has all but ceased, except for radiation damage investigations.

2. GaPand GaP-GaAsCells

It was realized early in the research on GaAs cells that a potential difficulty would

be a loss in collection efficiency by surface recombination, because the high opti-

cal absorption constant caused most carrier pair production within 1 _ m or so of the

surface. Since it had been established that GaAs-GaP alloys had good semicon-

ducting properties, there appeared to exist the possibility of making a cell consis-

ting of a p-n junction in GaAs, with the front surface of the cell consisting of layer

of GaP grading through GaP-GaAs alloy to the base GaAs. The band diagram of

such a cell would be as shown in Figure 63. Thus, the GaP layer would act virtually

as a passive part of the cell, providing an optical "window" allowing all photons with

energies less than 2.2 eV to be absorbed in the junction region of the cell, where the

field gradients cxisting because of the graded bandgap in the alloy should aid the collec-

tion process. Photons of energy >2.2 eV would be absorbed in the surface layer, and

although some of these might diffuse to the junction, it was assumed that most would be

lost by surface recombination. However, because of the solar spectral distribution,

this would not cause any great loss of power in the device.

Experimental attempts to make a device operating along these lines were first made

by the RCA Laboratories group, under the auspices of the GaAs cell work (152, 321).

In addition, a group at the Eagle-Picher Laboratories obtained ARPA support to

specifically investigate this type of cell (335-337). Both groups approached cell fabri-

cation in the same way, making the GaP layer by diffusing P into GaAs, the As out-

diffusing from the surface region of the GaAs and being replaced by P. X-ray

diffraction studies by the RCA group established that a surface layer of GaP could

indeed be formed this way, and both groups obtained working cells. However, the

efficiencies were low (_ 4%), and although these were comparable or better than the

regular GaAs cell efficiencies at the beginning of the work, the GaAs cells soon

improved beyond what could be achieved with the GaP-GaAs cells, so that the alloy
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Band structure of a GaP-GaAs heterojunction solar cell

Lpproach lost its initial momentum. However, the RCA Laboratories group continued to

investigate the possibilities for several years, and similar work was done at RCA

Somerville (316).

In add.,:ion, the RCA Laboratories group experimented with GaP cells made on pure

GaP base material (191, 315). Although the theoretical maximum efficiency of this

material is only 10%, as was shown by the analysis done under this work (185), the

anomalous response of the CdS cell had demonstrated that such an analysis might not

be applicable to all semiconductors. However, the GaP cells which were made showed

only the theoretically expected response (to photon energies exceeding Eg = 2.25 eV),

so that the device would only have application at very high temperatures (_- 500 ° C)
where other semiconductors could not be used. The GaP cells made at RCA Labora-

tories exhibited Voc values up to 1.2 V, but showed low Isc values, due partly to poor

GaP and partly to contact resistance problems, it being difficult to make good ohmic

contacts to large-bandgap semiconductors. Extensive work on GaP, including observa-

tions of the photovoltaic effect, were made by Grimmeis of Philips Laboratories, Aachen,

in 1960 (338). Although this work was done with point-contact junctions rather than large-

area p-n junctions, the spectral response results are relevant to solar cells. These

measur%ments showed that although the major peak in the photovoltaic response occurred

at 4200 A, as would be expectedofrOm the Eg value, a second response occurred in the
wavelength region 5000 Lo 7000 A, with a peak at _ 5600 A. This extrinsic response

was believed to occur by the absorption of photons by two-step processes, via inter-

mediate levels existing inside the forbidden bandgap, as shown in Figure 64. The
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Figure 64. Transitions occurring in a GaP cell to cause extrinsic spectral

response, after Grimmeis

intermediate levels were thought to arise from Ga and P vacancies. Because a photo-

voltage was seen even when the point-contact was shielded from the light, it was con-

cluded that the photovoltages were being developed at p-n junctions between randomly

occurring p- and -n-type regions in the crystals. Such an extrinsic response implied

that the analysis of Loferski for efficiency vs. Eg may indeed not apply to GaP, as had
been postulated by the RCA group.

The largest program to develop GaP solar cells was a oontract between Monsanto

Research Corporation and NASA, during June 1963 to August 1964 (339, 340). Because

of the difficulty in obtaining GaP in single-crystal wafer form with adequate purity, this

work was done with layers of GaP grown on GaAs substrates. The deposition process

used was the same in principle as that used by the RCA Somerville group for the epitaxial

growth of GaAs, described above, using the halide transport reaction. However, the

Monsanto group aimed at producing thick GaP layers which could be self-supporting; the

maximum GaP layer thickness achieved was 460 lzm, though most cells were made with

GaP thickness of less than 100 um, and in some cases as low as !0 um or less. Doping

of the epitaxial material with Te, Zn, and Sn was investigated, but the major effort was

spend on lowering the impurity concentration, and nominally undoped material was n-type

in the range 1016 cm -3 or lower. Cells were made in this nominally undoped material

by diffusion of Zn or Cd in a sealed quartz ampoule at temperatures generally

around 800 to 850 ° C, to produce shallow junctions (typically 1 _m). Difficulty was

encountered in controlling the results of the diffusion process, and this was as-

cribed to compensation in the starting material.

Contacts to the GaAs base were made with vacuum-evaporated Au-Sn alloy, and to

the surface of the GaP by vacuum-evaporated Ag. Most cells were then etched in

aqua regia (with the contacts masked) to improve Isc , presumably by reducing sur-

face recombination and layer thickness. Antireflection coatings were not used.
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The cells generally had areas of 0.1 to 0.5 cm 2, and measurements were made of

electrical properties over a temperature range of 25 to 500 ° C, and of spectral re-

sponse. Two distinct families of cells were made by apparently identical pro-

cessing. One cell type exhibited only the intrinsic spectral response, with a peak

at 4700 _, corresponding to the expected Eg, while the second showed principally
an extrinsic response, with a broad peak at 7000 /_. The intrinsic cells had Voc

values 1.0 to 1.35 V and Isc values of 2 mA • cm -2, whereas the extrinsic cells

had Voc values around 0.7 V, and Isc values up to 5.0 mA • cm -2 in 94 mW. cm -2

sunlight. The best cell was of the extrinsic type, with an efficiency of 2.5%, and
the best intrinsic cells had efficiencies of 1.1%. The intrinsic cells were found

to have Voc values less than theoretically predicted, but the rate of fall in Voc
in both cell types was found to be close to the theoretical value of 3 x 10 .3 V. ° C -1.

Thus it was verified that the intrinsic cells were capable of operation up to 350 °C,

at which temperature the best Voc value seen was 0.4 V.

This work therefore confirmed that GaP cells could indeed exhibit extrinsic re-

sponse, but could also be made to behave in a wholly intrinsic fashion. This should

be contrasted with the behavior of CdS cells, which have Eg=2.4 eV, but which al-

ways exhibit extrinsic behavior with an effective Eg=l. 2 eV. The Monsanto work
did not make clear the nature of the mechanism of the extrinsic response, though

there is no reason to doubt that this would be a two-step excitation, either involving

one thermal and one optical transition (after Grimmeis) or two optical transitions.

The nature of the impurity causing the intermediate level was not known, but it was

provisionally identified as due to oxygen. It is notable that a photovoltaic response

from the GaAs-GaP interface was sought and not found; its absence is surprising.

However, experimental results with cells from which part of the base GaAs had been

removed appear to rule out the possibility that the extrinsic response arose at this

heterojunction.

In the follow-on contract (341, 342) further work was done along the same lines, a

major effort being made to form high-purity GaP. The cell efficiencies were im-

proved slightly, the best intrinsic cell having an efficiency of 1.3% under sunlight

at room temperature, and a Voc = 0.44 V at 350 ° C, with an area of 0.14 cm 2. The

good high-temperature behavior of these cells suggested their use under concen-

trated sunlight, and the efficiency was found to increase markedly under high-

intensity illumination, a value of over 5% being found at 400 mW. cm -2, compared

with 1.3% for the same cell at 80 mW. cm -2. The efficiency improvement was

due to a rapid rise in Isc above 300 mW. cm -2. This cell was made on alloy ma-

terial with composition GaAs0.43 P0.57" The cause for the superlinear dependence

of Isc on illumination intensity was not known. For normal use, however, the cell
efficiencies remained low, so that the work was discontinued, and there has been

no work on GaP solar cells done in the West for the past two years.
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However, recent reports have been made indicating that Gutkin's group at the Joffe

Physicotechnical Institute at Leningrad, who worked for some years on GaAs cells

(see above), have now taken an interest in GaP-GaAs cells. In 1965, Kagan et al°

(343) reported experiments similar to those done by the RCA and Eagle-Picher

groups some years earlier. However, the junction diffusion followed the GaP layer

formation in the Russian work, the converse sequence being used in the US work.

The GaP layer was formed by replacing As with P by diffusion into GaAs base

material, a layer 5 to 7 _m thick being formed which was graded from pure GaP at

the surface to pure GaAs in the base. The junction-formation diffusion was done

with Zn in a sealed quartz ampoule, and a range of junction depths were produced.

On measuring the spectral response of these ceils, it was found that the response

curve peak shifted progressively from 4700 A (corresponding to the Eg for GaP) to
8500 _ (corresponding to the Eg for GaAs) as the junction depth increased. This

correlated well with the results one would expect for this series of experiments.

The temperature dependence of the cell behavior was measured from 40 to 180 ° C,

and the Isc was found to increase linearly over this range, as would be expected.

The Voc , however, showed a broad maximum of 0.65 V around I00 to 120 ° C for

some cells, and this indicated that two competing processes were probably occurring,

one the normal degradation in Voc with increasing Io on increase of temperature,

the other a mechanism depending on the presence of traps and associated with ther-

mal transitions in the bandgap of the GaP. Cell areas and conversion efficiencies

were not quoted.

Cells similar to those made by the Monsanto group were reported by Alferov et al.

in 1965 (344). In this case, the GaP was grown as an epitaxial layer on a GaAs

wafer, by the halide-transport process usedby the Monsanto group, but instead of

the usual open-tube system, a sealed quartz ampoule was used. This contained the

source wafer in a zone maintained at 700 ° C, with the source (polycrystalline GaP)

in a zone maintained at 900 ° C, and CdC12 to provide dopant (Cd) and transport

agent (C1); the process details were given in (345). The spectral response curves,

however, showed that in contrast to the Monsanto cells, the Russian devices had the

p-n junction formed between the p-type GaP and the n-type GaAs, so that the spec-

tral response was remarkably constant over the range 1.3eV (band-edge for the

GaAs) to 2.2eV (band-edge for the GaP; photons with energy >2.2 would be ab-

sorbed in the surface of the GaP and would thus not reach the active junction). The

devices had Voc=0.5 V, and showed a linear dependence of Isc on illumination in-

tensity. 13 Device areas were not quoted, and the given efficiency of 8% (for

operation under "white light") is not consistent with the other data (Voc=0.5 V,
illumination of 1.5 x 10-5 W, matched load resistance 400 kilohms).

Further Soviet work on GaP-GaAs devices was reported by Gutkin et al. in 1966 (346).

This work was done on devices made by diffusing P into GaAs wafers, however,

13Note that in Figure 2 of the original paper, curves 1 and 2 are the inverse of

their appelations in the figure captions.
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and thus implies a reversion to earlier techniques. Spectral response curves with

two peaks (one at the GaAs band edge, one at the GaP band edge) were in general

obtained, and the measurements were taken out to photon energies of 5.4 eV. In

contrast to the measurements on GaAs cells (333), these measurements showed no

evidence for quantum efficiencies > 1 for the absorption of high-energy photons,

and this was correlated with the differences between the band structures for GaP

and GaAs.

This then is the present status of GaP and GaP-GaAs cells. The GaP cells show

extrinsic response in some cases; this implies that the material may be worthy of

further investigation, a point which will be taken up later in this work. Intrinsic

GaP cells appear to have no applications at the present time, and their efficiencies

cannot be expected to ever be greater than 10%. GaP-GaAs cells have generally

shown low conversion efficiencies, but it appears that this is due mainly to poor

materials technology, and that further development of the epitaxial growth processes

which have proved so successful for GaAs, may offer further possibilities for im-

provement in this type of cell.

3. Other III-V Compounds

Little work has been done on the other III-V semiconductor materials compared with

that done on GaAs and GaPo Of these other materials, aluminum antimonide (A1Sb)

has received attention principally because the theoretical efficiency calculations of

Rittner, Loferski, and others indicated that the bandgap of A1Sb should be close to

the optimum for sunlight conversion efficiency (see IV-A-l). The earliest report

of photovoltaic phenomena appears to be that of the Czechoslovak worker Abraham

(347). Spectral response measurements for photoconductivity and the photovoltaic

effect were obtained from polycrystalline specimens, over the wavelength range 0.5

to 1.35 um and for temperatures from 126 to 295 ° K. The specimens used were

freshly cleaved from polycrystalline ingots, the conductivity type and contacting

methods not being indicated. It appears probable therefore that the photovoltages

observed were generated either at randomly occurring p-n junctions between

crystallites of opposite conductivity type or at metal-semiconductor blocking con-

tacts. The photovoltaic response showed an almost monotonic increase (presum-

ably in Isc ) as the wavelength was shortened from 1.3 to 0.5 _m. The photocon-

ductive spectral response was quite different, showing a maximum at around 0.8

_m; the reason for this difference was not clear. Abraham also noted that photo-

sensitivity was lost within a few days after cleaving and could not be restored by
etching.

This phenomenon is the greatest drawback to the practical application of A1Sb in

devices. The material is attacked by oxygen or water vapor to form A1203 or

AI(OH) 3. The oxide forms a tenacious surface layer on single crystals, and the hy-

drate causes polycrystalline material to decompose, although single crystals are
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attacked only slowly. This phenomenon occurs even if the A1Sb is stored under

normal high vacuum (_ 10 -6 Tort), so that it is extremely difficult to prepare

material even for experimental use. It is not surprising, therefore, that there was

little work done on A1Sb for some years, while the other III-V compounds were

worked on widely.

However, during the period June 1960 to June 1962, much progress was made in

advancing the state of the materials technology art for A1Sb, under a USAF-

sponsored program at Electro-Optical Systems, Inc., Laboratories in Pasadena

(348). The greater part of this work was done in developing crystal growth me-

thods and slicing, etching, and diffusion techniques for A1Sb. Only an outline of

this side of the work is given here; the Final Report on this work contains a great

deal of detail on the technology involved, and the reader is referred to this if such

detail is required.

Commercially available aluminum was not of sufficient purity for semiconductor

use, so that purification methods were evolved to provide suitable starting material.

These involved a zone-refining step, which removed all impurities but oxygen and

magnesium. These were removed by heat-treating the aluminum for 20 to 40 hours

at 1000 ° C under high vacuum; the Mg evaporates, and most of the surface covering

of oxide is also lost.

Special Czochralski crystal-pulling equipment was developed to allow Sb to be added

to the molten aluminum at the end of the heat-treatment cycle, the seed to be im-

mersed in the melt, and crystal growth to be completed, before the material was

exposed to oxygen. At the start of the work, single-crystal A1Sb was not available

as seed material, and single-crystal growth was eventually obtained by selection of

larger and larger crystals from polycrystalline boules from successive growths.

Difficulty was also encountered in containing the molten A1Sb, and only pure alumina

crucibles were found to be capable of withstanding attack by the melt. Nominally

undoped AlSb was always p-type, and n-type crystals were made by doping the

melt with Se. It was found that if slicing could be performed fairly rapidly (a few

minutes) normal wafer-cutting techniques using water could be employed, the

attack on the AlSb being fairly slow. Various etches for dislocation detection,

crystallographic identification, and polishing were developed.

Measurement of conduction parameters showed a maximum resistivity of 3 Ohm • cm

in the purest p-type material, which was believed to contain residual copper. The

n-type material was, of course, compensated, and resistivities up to 4.5 Ohm • cm

were obtained. The highest Hallmobility for holes was 440 cm 2. V -1. sec-1,

whereas electron mobility in n-type material was found to be only 50 cm 2 • V -1

sec -1, reflecting the compensated nature of this material. Carrier lifetimes

were found to be short, 1 nanosec or less. Optical measurements showed results

supporting the belief that A1Sb is an indirect energy-gap material.
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A large number of diffusion experiments were performed, using Se, Te, and Sn
as n-type diffusants, and Zn and Cdas p-type diffusants. All diffusion was per-
formed in sealedquartz ampoules. Various difficulties with separate-phase forma-
tion were encounteredwith Seand Te as diffusants. Only certain of these materials
were found to make satisfactory photovoltaic junctions, however.

Ohmic contacts also proved to be difficult to achieve, presumably becauseof A1203
surface films. Thebest results were obtained with pure In or Cd to p-type material,
and In-Se alloy to n-type applied by a soldering iron. All vacuum-evaporated con-
tacts proved to be rectifying, and plated contacts were also unsatisfactory.

Device fabrication proved to be a formidable problem. Diffused junction diode
characteristics were obtainedwhich showedA values >2, as for most other materials,
so the device characteristics were not unusual to any great degree. From the for-
ward and reverse characteristics, the presenceof a deep-lying level in the energy
gap was deduced,but this is also not necessarily of great significance. However,
although photovoltagesabove 0.6 V were obtained with point contacts, the application
of large-area contacts to the back of the cells, and small ohmic contacts to the
diffused surface, in every case causeda major reduction of photovoltagevalue. Al-
though some I-V curves were obtained under illumination, the Isc values were very
small, and cell efficiencies never exceeded0.5%.

The EOSwork may be contrasted with a program of development for A1Sbrun at
RCA Mountaintop during 1964-66,under NASAfunding (349, 310). The RCA group
worked with A1Sbpurchased from a commercial supplier (Bell and Howell), and
hence the emphasis of the work was on cell fabrication rather than materials pre-
paration. The problems of diffusion encounteredin the EOSwork were also met,
diffusants being foundto form separate-phase compoundsby reaction with Sb,
leaving a surface deposit which interfered with diffusion and degraded cell
performance. Both n-and p-type base material were used during the earlier work,
but later work concentratedon n-type. Sealed-ampoulediffusion was used, with Zn
as a diffusant for the most satisfactory cells. It was found that for the short dif-
fusion times used, the diffusion depth was much less than that calculated from pub-
lished diffusion-constant data, and the actual junctions were about 2 _m below the
surface. The early work (349)produced cells with Voc values up to about 0.7 V,
and Isc values upto 3.5 mA • cm-2, but low Isc values for most of the cells, and
the I-V curve shapes,showedthat blocking rather than ohmic contacts were being
obtained. Various contacting techniques were investigated, including silver-epoxy,
evaporated Ti-Ag followed by sintering, and evaporated A1 followed by sintering,
for both n-and p-contacts. Because of this problem cell efficiencies were less than
1%. Further work on the contact problem eliminated the double-junction effect by
using Pb appliedby ultrasonic soldering to the n-type base. The diode characteristics
were also improved by post-diffusion etching to remove surface layers. Although
efficiencies of somewhatless than 3%were achieved, these cells were found to be
highly unstable, degrading in Voc after only a few hours either in air or in a
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dessicator. Further, the junction characteristics were found to be very sensitive

to edge treatments on the cells (i. e., treatments of the regions where the junction

comes to the cell surface), indicating that leakage effects were a major problem;

the same observations were also made in the EOS work. Spectral response

measurements were made on these cells, and the results were as would be expected

from the known optical absorption curve for the material. The cell efficiencies

obtained were thus rather low, and the materials technology problems highly in-

tractable, so that further work on A1Sb cells has not been done. This is the present

status of work on A1Sb cells; bearing in mind the nature of the material, it is re-

markable that even this modest success should have been achieved.

The remaining III-V compound with an energy gap in the range in which good solar

conversion efficiency should be obtained is InP. The first work aimed at developing

solar cells of this material was done at RCA Laboratories under a Signals Corps con-

tract, starting in 1955 (152).

Since starting material was not available commercially, ingots were grown in-house by

melting the elements in a quartz tube with two temperature zones, the lower tempera-

ture controlling the P pressure. Polycrystalline p- and n-type material was obtained,

with a high carrier concentration. Diffusion was used to prepare p-n junctions, Cd, Zn

and Hg being used as p-type dopants, and the best results were obtained with the latter.

The best cell obtained showed Voc = 0.74V (c ell area 0.2 cm2), and a conversion effi-

ciency of about 1%.

The cell performance was severely limited by high series resistance arising in the

contacts. Some photosensitive diodes were also made by alloying Zn onto the cry-

stal surface, but such devices were for experimental purposes only. At the time,

experimental effort and results were limited by the lack of good single-crystal InP.

The situation remained thus for some years, as reported by Rappaport in various

papers up to 1961 (242, 189, 350, 351).

Nothing further appears to have been done on InP cells until the recent report of

experimental results by Galavanov et al. at the Joffe Institute in Leningrad (352).

With the general advances in compound semiconductor technology which had been

made since the early RCA Laboratories' work, a big advance in cell performance

was to be expected. Even so, the reported cell areas were only of 0.1 cm 2, pre-

pared by Zn or Cd diffusion into n-type single-crystal base material in a sealed

quartz ampoule. Under solar irradiation of 70 mW. cm -2 the device showed Voc

= 0.74 VIsc = 10 mA. cm -2, and efficiency of 6.7%. The spectral response was

also measured, and showed the expected form, with a sharp rise in response for

photons with energy slightly greater than that corresponding to the band edge.

However, a rapid loss of collection efficiency on going to higher photon energies

i. eo, lOSS o[ blue i'e__pollI_e) IIltllt_tbuu Et UU_I.)jul]_JLiu11, illipi_/ui_ bli_tt tli_ t;_iib

would be capable of considerable development to provide better efficiencies. The

tone of this Russian report indicates that further work can be expected in this area,

and this group appears to be alone in this field of research at the present time.
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The remaining III-V compoundsfor which photovoltaic effects have beenreported
are InSb and InAs. These materials bothhave small energy gaps (InSb, Eg=0.167
eV; InAs, Eg=0.35 eV) so that good solar conversion efficiencies cannot be ex-
pected, and both materials are of interest primarily as infrared detectors. How-
ever, for such use the device temperature for InSb must be reduced to suppress
the intrinsic conductionwhich is appreciable in this material at room temperature.

Results with alloyed junctions producedwith Cd and In dots on n-type InSbwere
reported by Galavanovin 1959(353). The diode characteristics and photovoltaic
responsewere measured over a temperature range from 300to 77°K, and the re-
sults showedthat the photovoltage reachedvalues of between10and 20 mV at 77° K
and decreased rapidly at temperatures above 167°K.

Results with InAs were reported by Gutkin in 1967(354). This work was aimed at
spectral response measurements in the range of photon energies hp>> Eg, to pro-
vide information on impact-ionization studies. The cells were made by diffusing
Cd into n-type single-crystal InAs with a carrier density 0.5 to 1.0 x 1017cm-3.
The spectral responsedata were taken at temperatures of 100and 295°K, andthe
response near the bandedgewas as expected, a sharp rise being seen in photo-
current for photonenergies increasing beyond0.4 eV. For photonenergies > 0.8
eV, a further rise in quantumefficiency was seen, which continuedto the limit of
the measurement spectral range at 4.8 eV. This rise in quantumefficiency was
attributed to impact ionization by electrons which have large energies imparted to
them by photonswith energies hv > 2x Eg, The results therefore correlate with
the observations of this effect in GaAs, by Gutkin (333) and CdTe (355, 356) by
Dubrovskii.

4. CadmiumSulfide

The second major group of compound semiconductors from which photovoltaic cells

have been successfully made is comprised of the II-VI compounds. In several cases

the materials technology of members of this group is particularly well suited to the

achievement of reasonable semiconducting properties in polycrystalline thin films.

Hence, a good deal of the research on these materials has been done on thin-film

cells, notably CdS and CdTe, and an account of this work will be found in a later

section of this work. However, the initial work on CdS and CdTe, and a proportion

of the subsequent work on these materials, was done on single-crystal or polycry-

stalline wafers of the semiconductors, and an account of this work will now be given.

The earliest of the II-VI materials to be worked on was CdS. An account of Reynold's

discovery of the photovoltaic effect in CdS in 1954 has been given in Section III-C-3.

Following this discovery, a program of research and development aimed at producing

CdS cells for energy conversion, for use on the Vanguard satellite, was initiated

at the Aerospace Research Laboratory where Reynolds' work was done, and with

outside laboratories under USAF funding. Exploratory work was done at the

210



I

I
II

Ii
II

a

i
II

D
I

i
II

II
I

B

II
i
II

I

Harshaw Chemical Company Research Laboratories in 1954, cells with efficiencies

up to 1% being made (357) 14 , and this work revealed the need for better starting

material. Work aimed at providing this was done at Clevite Laboratories, Eagle-

Picher Laboratories, and at Harshaw. By 1957, three growth methods had been

developed.

(i) The reaction of Cd vapor with H2S at 950 ° C to produce needles and small
platelets.

(ii) The growth of large crystals by sublimation from a powder starting

material, in a sealed tube at about 1000 ° C, the crystals forming slowly on

the cooler parts of the tube: this method had been developed initially

by Reynolds.

(iii) The growth of crystals from the melt, a process made difficult by the high

temperature required (1750°C), and the high pressure needed to prevent

sublimation from the melt (100 atmospheres): this process was worked on

by the Eagle-Picher group.

Method (ii)proved to be the most applicable to solar cells,and by 1960 the process

had been refined to produce fairlyreproducible results and large crystals. The

process used by the Harshaw group in 1960 consisted of:

(i) A sintering step in which the purest available starting material (usually

'luminescent grade' CdS) in powder form was heated to _ 600°C under vacuum until

outgassing stopped: this process removed water vapor, free Cd, and other impurities.

(ii) A crystal growth step in which a charge of sintered material was heated in

a sealed tube filled with inert gas (e. g., N2) at a temperature of _ 1275 ° C, and CdS

crystals were formed on the cooler parts of the tube (_ 1260°), the growth taking

place over a period of some days. The details of this process were reported by the

Harshaw group (358). Various dopants were used to give the required conductivity,

the most successful impurities being InC13 and B. It may be noted that p-type con-

ductivity in CdS has never been observed conclusively; most work has been done with

In-doped n-type base material, mainly because this appears to give the most re-

producible results in the desired range, and to introduce the minimum number of

extraneous effects.

14This reference contains a brief historical account of the early work on CdS, and

Shirland notes that most of this work was never published. Hence, this reference

has been the only available source for some of the early work, except for

Reynolds' publications referenced above.
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The Harshaw work developed various methods for making the photosensitive barrier

contact to the CdS. All of these involved depositing either metallic copper or a

copper compound (e. g., Cu20 or Cu2S ) either by vacuum evaporation or electro-

plating. The best results up to 1960 were obtained by electroplating Cu onto the

cell surface using a strongly acidic plating bath, to produce a layer of finely

divided copper particles which were then oxidized, followed by a final processing

step at 300 to 350 ° C for I0 to 20 seconds. These cells were of the rear-wall type;

i. e., the illumination passed through the CdS crystals to the junction, the active

region being on the unilluminated side of the cell, the converse of the normal silicon-

cell practice. For this reason, ohmic contact to the base CdS was made by means

of a 'picture-frame' electrode, to allow the maximum transmission of light into the

cell. The exact nature of the barrier was not known at the time, though it was

postulated that a very thin surface layer of p-type CdS containing cuprous ions was

present. The cell performance measured at this time showed efficiencies of 5%,

with Voc=0.5 V and Isc=13.5 mA • cm -2 under 122-roW. cm -2 illumination.

Spectral response measurements on rear-wall cells showed an onset of photovoltaic

response at wavelengths between 7500 _ and 8500/_, and a sharp cut-off at 5200 /_,

caused by absorption in the base CdS. Some front-wall cells were also made, in

which sufficient Cu20 was etched away from the barrier layer to allow illumination

on this side of the cell to penetrate to the junction. In these cells, the spectral re-

sponse showed the anomalous extrinsic response described above, and added to this

was the expected intrinsic response of the CdS absorption, which extended the re-

sponse to wavelengths less than 3000/_, with a peak around 4000 /_. The efficiency

figures given in (358) are those for typical cells, it should be noted. As early as 1958,

the Harshaw group had obtained efficiencies up to 7.6% under 100 roW. cm -2 sunlight

in cells 1 x I cm, with Voc = 0.5 V. (359).

Early interest in the extrinsic response of CdS cells was shown by several workers.

Reynolds (360) proposed that the response arose from the presence of an intermediate

energy level in the forbidden band of the CdS, electron-hole pairs being created by

excitation of electrons from this intermediate level into the conduction band. How-

ever, to account for both the photovoltaic and photoconductive phenomena seen in CdS,

Reynolds proposed that it would be necessary for this intermediate energy level to

form a band rather than a set of spatially separated levels. Reynolds' experimental

work had showed that the prior illumination history of the cell partially determined

the photocurrents seen, and this observation correlated with photoconductivity results

reportedby Lashkarev et al. (361-363) in which conductivity quenching by IR, and

photoconductivity enhancement with prior illumination with green light, was seen.

Further work on the spectral response of the photovoltaic effect was reported by

Woods and Champion of GEC Laboratories, England (364). Correlating measurements

on the photoconductivity and photovoltage in copper-doped CdS these workers also

concluded that impurity band conduction was occurring. They also reported the first

published results on bias light measurements, in which the crystal was illuminated

simultaneously by two separate monochromatic sources at different wavelengths

(7000and 9000_), and the photogencrated current induced by 7000 /_ illumination was
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found to be remarkably increased by a comparatively small amount of illumination at

9000 A, to the degree that one photon of 9000-A lightwas found to increase the photo-

current as much as four photons of 7000-/_ light. (The peak of the spectral response
curve lay at 7000/_. ) This enhancement effect was ascribed to an increase in the

lifetime of free holes, the minority carriers in the n-type base material.

An alternative theory to account for the extrinsic photovoltaic response of the CdS

cells with supporting experimental results, was first advanced by Williams and Bube

(365). The experimental results were obtained with barrier contacts formed by

electroplating copper and other metals, onto n-type CdS crystals. No heat treatment

was used in the processing of these contacts, and, hence, it was felt that the diffusion

of copper into the CdS was wholly absent, and the junction was purely a metal-semi-

conductor barrier. Spectral response measurements showed that the extrinsic photo-

voltaic response was present in these cells, though to a smaller degree (compared with

the intrinsic response) than in the copper-diffused junctions being made by the CdS

solar-cell groups. However, it was shown that the response in the extrinsic wave-

length region increased as the copper thickness was increased (the thinnest copper

layers were optically transmitting), indicating that the carriers photoexcited across

the barrier were electrons photoemitted from the copper into the CdS. However,

photoemission can be checked by the use of the "Fowler Plot" showing photocurrent as

a function of photon energy at the threshold of photoemission (366). The form of the

experimental curve obtained by Williams and Bube was of the shape expected for

photoemission, but indicated a threshold wavelength of the onset of photoemission cor-

responding to 1.1 eV, whereas the same threshold calculated from the photoconductivity

data was 0.4 eV, and the discrepancy could not immediately be explained. Further,

Williams and Bube found that the extrinsic response of the cells was much reduced

on heat-treating the cells in a manner similar to that used to enhance the response

in solar-cell manufacture. Thus, there existed some doubt whether the positive

identification of photoemission in the specimens of Williams and Bube proved that

this was also the basis of operation for the CdS solar cells.

Experimental results on photovoltages seen when metal contacts to CdS were un-

equally illuminated were reported by Kallman in 1960 (367). Voltages up to 0.2 V

were obtained, but the response was seen only for illumination with photons of

energy near to or higher than the fundamental absorption edge of CdS. Hence, this

effect was not of great significance for the development of CdS solar cells.

Results of Russian work on CdS photovoltaic cells were reported by Paritskii et al.

in 1961 (368). These were concerned with the response time of the cells under

pulsed illumination, and the authors supported the photoemission mechanism of
Bube and Williams.

Bockemuehl et al. studied photovoltaic, photorectification, and field-effect modu-

lation properties of junctions formed by diffusing Cu into photoconductive, dark-

insulating CdS crystals (369). The results indicated that in these junctions two
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barriers existed, one at the metal-semiconductor surface, the other in the semi-
conductor bulk. Under reverse bias, the space charges associatedwith these bar-
riers altered to give a single dipole space-charge region, a condition which could
be produced by application of a bias of less than 1 V.

It was found that under monochromatic illumination by light of a wavelengthwhich
created hole-electron pairs and thus causeda photovoltage, Voc values of 0.2 to
0.4 V were seen. Whena secondmonochromatic beam of IR was added,the Voc
rose to 0.5 to 0.6 V and Isc also increased. However, under reverse bias
sufficient to redistribute the space-charge, the IR was found to quenchthe photo-
conductivity arising from the main illumination. These effects were ascribed to the
LR increasing the drift mobility of the holes by causing detrapping, which would aid
the collection of the minority carriers (holes) in the photovoltaic effect, but cause
a loss of space-charge in the space-charge region, leading to a reduction in photo-
conductive gain. [For an account of the mechanism giving photoconductivegain
by minority-carrier trapping, see Bube (370)._ Thus, the results of Bockemuehl
et al. in providing evidencefor photoexcitation from intermediate levels in the
forbidden bandgap,tendedto support Reynolds' proposal for the origin of the ex-
trinsic response in CdSphotocells, rather than the photoemission mechanism of
Williams and Bube.

By measuring photovoltagesproduced whena fine light spot was moved across Cu
andblocking Au contacts deposited on ann-type CdScrystal, Fabricius (371)ob-
tained evidence that the generation of the photovoltagewas localized in the depletion
region of the Au-CdScontact, thus indicating that the mechanism of Williams and
Bubewas not responsible for the photovoltaic effect in these specimens. Since the
Au-CdS and Cu-CdScontacts were produced by vacuum evaporation followed by
heat-treatment to cause diffusion, whereas Williams and Bubehad avoided any
diffusion in preparing specimens, it was to be expectedthat the results of the two
sets of experiments shouldbe different.

The operation of CdScells was also analyzed by Grimmeis and Memming in 1962
(372). Experiments were performed using diodes made by diffusing Cu, Ni, or Ag
from evaporatedfilms deposited on n-type crystals of about 1-Ohm • cm resistivity,
followed by removal of the remaining metal layer by etching. Thus, it was felt
that the specimenscould contain only p- andn-type semiconducting regions, and
no metal-semiconductor barriers. It was concludedthat the photovoltaic effects
measured in these specimens occurred at p-n junctions, andthe device I-V
characteristics were shownto be consistent with this. However, the question re-
mained whether this was a junction betweenp- and n-type CdS,or betweenn-type
CdSand some other semiconductor material (i. e., a heterojunction). The corre-
lation betweenthe spectral responses for the photoconductive and photovoltaic
effects in CdSwas felt to eliminate the needfor any other type of material being
active in the photovoltaic effect, since the photoconductivity was a bulk effect in the
CdS,and there wasno suggestion that this was in any way associated with the
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presence of another semiconductor material. It was concluded that the extrinsic

response must arise from transitions from an impurity band in the CdS bandgap,

as suggested by Reynolds. The model proposed consisted of a junction between

normal n-type CdS base material, and a region of p-type CdS having an impurity

band in the forbidden energy gap, the band arising from the presence of a high

density of levels in the middle of the CdS bandgap, introduced by the Cu dopant.

In 1963, Spitzer and Mead (373, 374) reported work tending to support Williams and

Bube's conclusion that the extrinsic response in CdS cells arose from photoemission

of electrons from a metal into the CdS. Spitzer and Mead used specimens pre-

pared by cleaving n-type CdS crystals in an evaporant stream of metal, under high

vacuum. Thus, it was felt that the contacts produced in this way should be free of

contaminant effects introduced by interaction between the CdS and the atmosphere,

whereas in earlier work such interactions could reasonably be expected to arise,

and lead to surface states which would modify the energy band structure at the

junction. Diode I-V characteristics, spectral response, and capacitance-voltage

measurements, were made on the specimens. Determinations of the barrier height

at the junction from these measurements were consistent and showed that the value

of the barrier height was related to the work function of the metal used to form the

barrier. The experiments covered a range of metals from Pt (which produced a

barrier height of 0.85 eV) to A1 (which produced an ohmic contact, barrier height

< 0. i0 eV). Some measurements were also made on specimens produced by

depositing the same metals on CdS cleaved in air, and for these, much less correla-

tion between work function and barrier height was found. This indicated the pre-

sence of surface states, which would affect the barrier height by the mechanism

discussed by Bardeen, as described in Section III-D-2. The consistency of the

barrier-height values measured in the vacuum-cleaved specimens suggested that

the junctions produced in this way were of the metal-semiconductor type, with no

intermediate region of opposite conductivity type, or of a different material. Thus,

the extrinsic response must arise from photoemission, as proposed by Williams and
Bube.

Further experimental evidence relevant to the debate on the mechanism of the CdS

cell was presented by Palz and Ruppel in 1964 (375). Photoconductivity and photo-

voltage responses were both measured in the same samples, which consisted of

CdS vapor-grown platelets with one ohmic In contact and one evaporated blocking

contact of Te, Au, or Ag. The electrodes were 0.75 mm apart, on the same side

of the crystal, and the specimen was illuminated on this same side. The crystals

were high-resistivity photoconductive CdS, with a dark resistivity of 1014 Ohm • cm.

The photocurrent was measured with a 6-V applied bias, and the open-circuit photo-

voltage was measured without external bias. The illumination system used two light

sources, one with _ fl×e(1 wHve,e,,_l,n. -' " with an -_- ........... , .............................. o , ()[)t_.lDed .... _nfiP_l filfp? fhp n_hp_ _r_?;_a

by use of a monochromator. The results showed that the photoconductivity induced

by the fb[ed-wavelength light was quenched by the light of variable wavelength, photo-
conductivity minima being found for quenching light of wavelengths 9500 and 14,600 A
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regardless of the fixed-wavelength used. The converse results were found for the
photovoltage measurements, the photovoltagereaching maxima for variable-wave-
length light which produced photoconductivity minima, and again the wavelengths of
these maxima andminima were independentof the fixed-wavelength used, thoughthe
absolutevalues changedfor different fixed-wavelengths. These results were ex-
plained by proposing that the photoconductivity quenchingand photovoltage enhance-
ment were both causedby the freeing of holes by the variable-wavelength light. This
would occur becausephotoconductivegain is dependenton the minority carriers
being trapped (370),whereas photovoltagesare generated by mobile minority carriers.

The conclusions follow the experimental results seemingly inescapably, and thus the
work of Bockemuehlet al., and Palz andRuppel, supported Reynolds proposition
that photoexcitation from intermediate energy levels existing in the forbidden band-
gap formed the basic extrinsic response mechanism for CdScells. However, the
experiments were performed on crystals of a type very far removed from those used
for cell manufacture, so that a strict correspondence betweenthe two situations
cannot be assumed.

The theory of photovoltaic effects which could be seen in photoconductivematerials
was considered by Keating (376),working from the assumption that the photo-induced
minority- and majority-carrier densities were high comparedwith the dark con-
centrations. (The normal semiconductor photovoltaic theory assumes that the
photo-induced majority-carrier density is small compared with the dark majority-
carrier density.) The theory was first established in general terms, andthen
applied to heterojunctions and homojunctions in photoconductors, andto junctions
betweenphotoconductorsand semiconductors. Keating then discussed the relation-
ship betweenthe theory and reported measurements and postulated mechanisms in
CdScells, and concludedthat the most likely explanation of CdScell operation
would be based onthe existence of a CdS-Cu2Sheterojunction. However, it was
felt that the physical situation in the real cells was so far from the idealized junction
structures analyzedin the theory that such an identification was tentative only.

With the demonstration of the success of the thin-film CdScell by groups working
at Harshaw Laboratories and Clevite Laboratories, research and development of
cells intended for power generation has been concentrated on these, rather than
on the single-crystal cells. Further work onthe theory of CdScells has also been
donewith special relevance to the thin-film CdScells; this is dealt with in the next
section of this report. However, as shownby the above account, considerable work
has beendone onsingle-crystal cells, aimed at elucidating their mechanism of
operation. It will be appreciated from this account that considerable controversy
exists on this subject, and no doubt research and analysis will continue for some
time before a conclusion is reached.
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5. CadmiumTelluride

The earliest work directed towardthe use of CdTe in solar cells was that done under

Signals Corps funding at RCA Laboratories, starting in 1955 (152). Since the theore-

tical efficiency calculations showed that the energy gap of CdTe lay close to the

optimum for solar energy conversion, a major interest was taken in this material.

As for most of the semiconductors investigated under this contract, suitable

material was not available commercially, and consequently a good proportion of the

experimental effort was put into growing crystals from which photovoltaic cells

could be made. CdTe polycrystalline ingots were prepared by reacting the con-

stituent elements in a graphite boat sealed in an evacuated quartz ampoule. The

graphite boat was found necessary to avoid attack of the quartz by the melt. Gra-

dient freezing was used to form the ingots, which were made in both conductivity

types, the type being determined by the stoichiometry of the material (loss of Cd

giving p-type conductivity), as well as by the presence of impurities. (This

stoichiometry dependence of conductivity type is unusual, since the solid solubility

of the constituent elements in a compound semiconductor is usually very low indeed,

so that departures from stoichiometry result in the formation of a separate solid

phase. This effect is especially pronounced in GaAs. ) The CdTe initially pro-

duced was of high resistivity (-_ 1000Ohm. cm), but improvements in the purity of the

starting materials, and the provision of the graphite boat, enabled the resistivity

to be brought down to--_ 30 Ohm. cm. Diffusion of Au, Ag, and Cu into the CdTe was

performed from layers of these metals deposited on the crystal surface, in a sealed

quartz ampoule. The results were complicated by the loss of Cd from the CdTe,

causing conductivity type inversion, for diffusion temperatures above 700 ° C. How-

ever, by adding excess Cd to the diffusion ampoule, and by limiting the process

temperatures, some photosensitive p-n junctions were prepared. These showed

Voc values up to 0.55 V, but the Isc values were extremely small (microampere

range) because of high series resistance in the devices, arising from the low
conductivity of the base material.

Another early report of the photovoltaic effect in CdTe was given by Van Doom of

Philips Laboratories, Eindhoven, in 1956 (377). From the specimen preparation

procedure given, it appears that the junction may have been a metal-semiconductor

barrier rather than the p-n junction claimed by Van Doorn, since the contact was

apparently fo:-med by allowing AuC13 solution on the surface to react with the CdTe,

followed by removal of the AuC13 by KCN. However, the spectral response results

shown by Van Doorn show a good photovoltaic response with a sharp rise in Voc at

photon energies slightly less than 1.5 eV, corresponding to the band edge of the

CdTe. These measurements were made over a range of temperatures, and were

used to calculate the change in Eg with temperature.

An early Russian interest in the work was reported by Lomakina et al. (378). Cells

were made on n-type polycrystalline wafers of 1 to 2 cm 2, by diffusion of elements

from Group I of the periodic table. (Specific elements used were not indicated.)

217



Spectral responsemeasurements indicated an energy gap value of 1.34 eV, rather
less than that reported by Van Doorn. Apparently quite reasonable diode character-
istics were seen (Io = 7.25 x 10-9 A • cm-2, A = 1.65), and the cells showed Voc

values of > 0.5 V, Isc values of 2 mA • cm -2, and conversion efficiencies around
2% under 30 mW. cm -2 sunlight. Such a low illumination intensity would minimize

the effects of losses due to series resistance. Further reports of this Russian work

appeared in 1960 (355,379,380) showing a distinct improvement in the cell quality.

These devices were made on both p- and n-type single-crystal wafers, by coating

the crystal surface with suitable metallic dopants E quoted as Au in Ref. (355)],

followed by heating; the remaining metal film was used as an electrical contact

to the diffused region, and this film had an optical transmission of_ 50%. The

I-V characteristics shown indicate good diode characteristics, with Voc = 0.65 V,

Is_ = 8 mA • cm -2, and conversion efficiencies of 4% for operation under 89 mW. cm -2

sunlight. The energy conversion performance was measured over the tempera-

ture range 110 to 380°K, the efficiency falling to about half of its room-temperature

value at _ 100°C (380°K). Spectral response measurements showed the expected

rise at the band edge, but a good response was maintained throughout the range

4000 to 8000 A, indicating a shallow junction. In Reference (380), a most inter-

esting analysis of the diode characteristic was performed, in which the departures

from the diffusion theory of Shockley were discussed. The diode characteristics

for deep-diffused junctions were found to fit quantitatively the Sah, Noyce, Shockley

theory with recombination-generation in the space-charge region. Shallow junctions,

however, were found to show a larger current than theoretically predicted at lower

voltages, and this was thought to be due to tunnel current in the narrow junctions

produced under these conditions. This explanation of the observed diode charac-

teristics thus closely parallels the account given by Wolf for silicon solar cells (194).

Spectral response measurements into the high-photon-energy region were made by

Dubrovskii on these cells (355), and these showed that the quantum efficiency

of the devices fell from the band-edge with increasing photon energy up to _ 4.0 eV,

but then increased again at higher photon energies up to the limit of the measure-

ments at _ 5.4 eV. This was ascribed to impact ionization by the carriers pro-

duced on absorption of photons with energies hv >2 x Eg. This work was there-
fore a forerunner for the results reported by Gutkin in 1965 (333), in which this

same phenomenon was observed in GaAs. Further observations on the optical

properties of CdTe were reported by Dubrovskii in 1961 (356), in which impurity

response on the low-energy side of the band edge was seen; the results are not of

importance for photovoltaic energy conversion purposes. The last report of this

Russian work on CdTe solar cells appeared in 1961 (381). The cells were

apparently of the same type as before, and the efficiency had been improved to 6%,

with Voc=0.75 V, and Isc = 9.8 mA- cm -2, under solar illumination of 77 mW. cm-2;
the cell area was_ 1 cm 2.

Work in the U.S. directed toward the development of single-crystal CdTe cells was

performed at the Armour Research Foundation, funded by the Signals Corps,

starting in 1959 (382). This work was almost entirely concerned with developing
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crystal growth, purification, cutting, polishing, and etching techniques, and with

investigating diffusion. Diodes were made for experimental purposes, but
successful solar cells were not made.

With the demonstration of the feasibility of thia-film CdT:_ cells, and the start of

the GE project to develop these in 1961 (described in the next section), interest in

CdTe cells in the US shifted away from single-crystal work.

However, Rodot's group at CNRS, France, reported work on cells made on single-

crystal CdTe (383), using the methods developed for use with thin-film cells by

Cusano at GE. Cells were made on n-type single-crystal base material, In doped,

by deposition of a thin layer (--- 1 _tm) of high-resistivity intrinsic CdTe by vapor

deposition onto a CdTe base wafer at 300 ° C. This was followed by flash evapora-

tion of a thin film of Cu2Te , which formed a blocking contact to the semiconductor.

The diode characteristics and capacitance-voltage measurements made on the cells

indicated that the cells contained p-n junctions formed between the n-type base

materia! and a surface p-region formed by copper entering the high-resistivity

CdTe film, and providing an acceptor level. The band-structure proposed for the

junction was closely similar to the "Mott barrier" discussed in II-C-2, as shown

in Figure 65 : d = 1.6 ttm, Vo = 1.0 to 1.3 eV, with the degenerate Cu2Te acting

as a metal. The best single-crystal cell obtained had Voc = 0.5 V, Isc = 14mA. cm -2,

and an efficiency of 5%, under 62-mW. cm -2 tungsten light (2800°K). The nature

of the junction band structure in these calls was further discussed by Rodot (384);

it was concluded that this could behave either as a graded p-n junction or as a metal-

semiconductor barrier, depending on the conditions of preparation.

This, then, is the current status of single-crystal CdTe cells. Efficiencies up to 6%
have been seen, but these are no better than the thin-film cells made with this

material. Since it is considerably easier to prepare polycrystalline thin films of

CdTe suitable for photovoltaic device use than to grow single-crystal material

with comparable properties, the current state of the technology discourages work
on single-crystal cells.

t
vo

ME TAL

Figure 65.

N-TYPE SEMICONDUCTOR

Band diagram of a 'Mott Barrier'
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6. Other II-Vl Semiconductors

Photovoltaic effects have been reported in other II-VI semiconductors, but without major

effort to develop energy-conversion devices. Metal-semiconductor barriers were used

to obtain photovoltages in CdSe in a series of exploratory experiments done at RCA Lab-

oratories in 1960 (191). The CdSe crystals were grown by vapor deposition from powdered

starting materials, in a sealed tube at about 1000 °C; the method was closely similar to

that developed by Reynolds and others for use with CdS, as described above. Very small

photocurrents were obtained, and a maximum Voc = 0.04 V was seen. The spectral
responses of the device s were measured, showing a long "tail" extending into the

infrared. Because of the small photovoltaic responses seen, this work was not

pursued further. Recently, however, work in the Ukraine by Komashchenko and

Fedorus (385) has indicated an interest in cells made by depositing Cu2Se barrier

layers on n-type CdSe single-crystals. Under 150-roW. cm -2 illumination, Voc

= 300 to 350 mV, Isc = 30 mA. cm -2, and an efficiency of 3% were obtained. In

addition, cells with various metallic blocking contacts were made (Ag, Au, Cu,

and Pt). Analysis of spectral response measurements showed that the cells with

Cu2Se barriers, and those with metallic barriers, all behaved as normal metal-

semiconductor junctions, and the difficulties associated with explaining CdS-cells
did not exist in this case.

Russian work on ZnS single-crystal cells has also recently been reported (386).

The samples were prepared on wafers cut from n-type single-crystal ZnS formed

by vapor deposition (presumably a development of Reynolds' method for growing

CdS crystals). The junctions were formed by vacuum-evaporating a thin layer

of Cu onto the crystal surface, followed by a heat treatment at 650°C for a few

minutes to cause diffusion of Cu into the ZnS. Measurements of diode charac-

teristics and the spectral response of the photovoltaic effect showed normal re-

sults, ZnS having a wide bandgap, and thus responding only to light of wavelength

less than 5000 A. The I-V characteristics showed departures from diffusion

theory, with A _ 2 in the diode equation. Because of the wide bandgap (Eg = 3.9
eV) ZnS cannot be expected to be applicable to solar energy conversion, from

theoretical efficiency considerations.

The remaining compound semiconductor in which photovoltaic effects have been

observed is SiC. This material also has a large bandgap (Eg = 2.86 eV), and
would thus not be expected to be applicable to energy conversion. The measure-

ment of the photovoltaic effect in SiC was first reported in 1957 by Choyke and

Patrick (387), who used the spectral response of p-n junctions to determine the

optical bandgap of the material. Specimen preparation methods were not given.

Russian work on alloyed-junction devices was reported by Kholuyanov in 1960

(388). The spectral dependence of photo-emf was measured over the temperature

range 200 to 493°K, and the results were consistent with an energy gap of about
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3 eV. The device sensitivity was low, and it was suggested that this was due to

surface recombination. Kholuyanov pointed out that such devices might find

application as UV detectors for use at high temperatures.

In 1962, Thiessen and Jungk reported observations of the photovoltaic effect in

SiC illuminated with light of energy less than that corresponding to the bandgap

(369). The cells were made by alloying silicnn and aluminum into n-type single-

crystal wafers, or silicon and antimony into p-type wafers. The spectral response

measurements showed a photovoltage peak at 1.5-eV photon energy, although this

was found to vary in some cells, depending on the particular crystal used. It was

proposed that photoexcitation of electrons from valence to conduction band was

occurring via an intermediate energy level in the forbidden band. The best re-

sponse obtained showed Voc = 0.6 V and Isc = 0.1 mA under illumination of
7.5 mW • cm -2. The I-V curve shape was good, indicating a good fill-factor,

but series resistance effects would be minimized by the low illumination intensity
used for the measurement.

As mentioned initially, there is no possibility that the intrinsic photovoltaic re-

sponse in SiC can be used for efficient energy conversion. However, the extrinsic

response described by Thiessen and Jungk implies that this effect could be used

for power generation, although there have as yet been no reports of such work. The

materials difficulties with SiC are such that almost all the work has been done with

alloyed junctions. These are not usually conducive to the manufacture of large-area

devices, but it is not impossible to conceive solar cells made from SiC by this

method_ and the stability of the material may have relevance to some special

applications.

7. Summary

In this section, then, a historical account has been given of the development of

photovoltaic cells made from single-crystal (and in some cases polycrystalline)

wafers of compound semiconductors. The present status of work with each of the

cell types has been described, and it is seen that although none of the cells has

exhibited a conversion efficiency or a cost-effectiveness as good as the present

commercially available silicon cells, the special properties of most of the cell

types offer opportunities which have not yet been fully exploited. For this reason,

this field has potential which can only be realized through research. It is for

this reason that the US Government agencies have actively supported and contributed

to this effort in the past, and the recent increase in Soviet work in this area

testifies to similar thinking elsewhere.
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D,THIN-FILMSOLARCELLS

1. Introduction

When power generation by solar cells became a practical reality in the late 1950's,

it quickly became apparent that cells made with the active semiconductor material in

the form of a thin layer have the potential advantages of:

a. Low material costs, by minimization of the quantity of semiconductor material

used.

b. Low manufacturing cost, applying simpler processes by the use of polycrystal-

line layers, thus avoiding the need for single-crystal growth.

c. High power-to-weight ratio, by minimization of cell thickness and hence

weight per unit area.

d. Low array cost, by the provision of large-area cells, thus minimizing the

number of int_rconnections and assembly steps.

The practical realization of these benefits has been attempted in many ambitious re-

search projects, a large portion of which have been funded by NASA and DODo Limited

success has yet been achieved in only a small number of cases, and a description of

these, together with an account of the less successful ventures, is given in the follow-

ing sections. To aid the reader in understanding the chronology of the projects funded

by Government agencies in the field of thin-film solar-cell research, Table XX in

Appendix III has been prepared. It should be noted that this chart does not show pro-

jects run by various research groups using financial support provided through their

parent company rather than by contracts with government agencies. Thus, work

during the 1956-1960 period, which was apparently all done on company funds, does

not appear in Table XX.

It should be noted that the achievement of good conversion efficiencies in thin-film

solar cells is not possible with all semiconductor materials. Consider the optical

properties of silicon shown in Figure 66. The slow rise of the absorption constant

through the energy range 1.26 - 2.3 eV implies that a considerable thickness of ma-

terial is required to absorb photons and create carrier pairs. This, in turn, implies

that minority carriers are required to travel a considerable distance, generally by

diffusion, to reach the junction and be collected. Thin-film cells, by definition pre-

pared with a semiconductor layer of minimized thickness (to obtain low weight per

unit area, and flexibility), would not have adequate optical absorption if a material

such as silicon were to be used. This anticipated effect has been measured in thin

silicon cells, as described in Section IV-B-3-b above. In addition, the diffusion of

minority carriers in polycrystallinc material is generally not expected to be an ef-

ficient process, since both crystal defects and impurities segregate at grain boundaries
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Figure 66. Optical absorption constant as a function of photon energy

for direct and indirect bandgap semiconductors.

and give rise to recombination centers, through which minority carriers are lost.

Practical thin-film cells are made with polycrystalline material. If the minority

carriers must diffuse for a considerable distance to reach the collecting junction in

such cells, the chances that they pass a grain boundary are much increased, so that

low collection efficiency results. Put another way, it can be said that silicon cells

require material with good carrier mobility and long minority carrier lifetime to give

good efficiency. Microcrystalline silicon does not possess these properties, and thus

leads to low cell efficiency, a point which has also been verified experimentally in

attempts to make low-cost silicon solar cells, as described in Section IV-B-3-a above.

However, a material whose optical absorption constant is high for all wavelengths

shorter than the band edge will not suffer from these difficulties. Semiconductors with

the steep absorption edge shape, such as GaAs and CdTe (see Figure 66), have an

energy band structure such that photons with energy close to the bandgap energy can

transfer an electron from the top of the valence band to the bottom of the conduction

band without the involvement of an intermediate level or a third "particle," such as a

phonon. To understand this effect, it is useful to consider a graph in which electron

energy is plotted as a function of electron momentum, as in Figure 67. In so-called

"direct" semiconductors such as GaAs and CdTe, the momentum of an electron at the

maximum of the valence band has the same value as at the minimum of the conduction

band, whereas in an "indirect" semiconductor such as Si, these momentum values
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Figure 67. Simplified band structures and optical transitions.

differ. For a more detailed account of band structures, and a review of the under-

lying theory, the reader is referred to Bube's book (370), Chapter 7. Referring to

Figure 67a, it will be seen that in direct bandgap semiconductors, absorption of a

photon of energy Eg can be accomplished directly with conservation of momentum.

In an indirect bandgap material, absorption of a photon of energy Eg can only be ac-
complished with a change of electron momentum, and hence a third "particle" must be

involved in the photon-electron interaction process, to conserve momentum. Thus a

photon incident on a semiconductor may have to travel a considerable distance through

the material before it encounters an electron suitably associated with a third "particle"

to allow the optical excitation process to occur. Referring again to Figure 67b, it

will be observed that as the energy of the incoming photons increases beyond Eg,
electron transitions between points other than the valence band maximum and conduc-

tion band minimum become possible. Thus, with increasing photon energy, the pos-

sible transitions require progressively smaller momentum changes, and thus the dis-

tanee travelled by a photon before encountering an electron in a suitable momentum

state becomes smaller, i.e., as the photon energy increases beyond Eg, so will the
optical absorption constant° Other things being equal, the photon energy must have a

value E' before the optical absorption constant in the indirect semiconductor reaches

a valuegequal to that corresponding to photons of energy Eg in the direct semiconductor,
as shown in Figure 67b.
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Taken in conjunction with the theoretical analyses of conversion efficiency as a func-

tion of semiconductor energy gap, this explains why GaAs and CdTe were picked as

likely materials for thin-film solar cells. The outstanding position of CdS as a base

material, however, shows that the best results are not always found in expected ways,

and exemplifies the statement made in the introduction that directing work only along

paths which are signposted clearly by existing theories and known data will exclude

discovery of unexpected results which can spring only from broader, more or less

"free-wheeling" research efforts.

Radiation effects in thin-film cells have been reviewed by Loferski (390). It has been

anticipated by many workers that thin-film cells will exhibit more resistance to pene-

trating radiation than bulk cells, and indeed this has been one of the primary justifica-

tions for the development of this type of cell. This expectation is based on the fact

that thin-film cells will, by their nature, have a very thin region from which minority

carriers are collected. This region may, in fact, be restricted to the depletion region

of the active junction. This implies that long minority carrier diffusion lengths are

not necessary, and, coupled with the fact that the effect of radiation is primarily to

reduce diffusion length, should result in low radiation sensitvity. This also implies

that particles which lose most of their energy inside the thin active region near the cell

surface will be more effective for radiation damage than those which penetrate deeply

into the cell. The depth of the region over which a particle does its damage is deter-

mined by the nature of the particle (electron, proton, alpha, or gamma), and by its

energy. Only protons and electrons have been found to exist in near earth space in

numbers sufficient to cause appreciable damage in solar cells. The electrons have

generally greater penetrating power, and thus cause damage over a much greater

depth in the cell, whereas the damage done by low-energy protons is comparatively

localized in the surface region. As a rule, the higher the energy of a particle of a

given type, the greater is its penetration into the cell. Thus one might expect low-

energy electrons to cause damage localized near the surface of the cell. However,

there is a threshold of energy below which electrons cannot transfer sufficient energy

to an atom in a semiconductor lattice to cause a displacement which gives rise to

radiation damage. Thus, electrons will not be expected to have much effect on the

semiconductor in thin-film cells, whereas low-energy protons can cause a greater

effect. However, the low-energy electrons can affect the optical properties of a

covering plastic, if this is used in the cell construction. The experimental evidence

on radiation resistance of thin-film cells is still sparse, but it does in general bear

out the picture given above. Data on specific cell types are reviewed in the appro-

priate sections forming the remainder of this chapter.

The thin-film solar-cell field enjoys frequent review papers. General surveys of

progress at various times during the period 1959-1967 will be found in references

287, 247, 254, and 391 through 395°
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2. CadmiumSulfide

The discovery of the photovoltaic effect in CdS was made by Reynolds in 1954, and

early work aimed at exploiting the phenomenon was done by groups working under

Reynolds, at the Harshaw, Clevite, and Eagle-Picher laboratories- this phase has

been described in Section IV-C-4 above. Initial work on thin-film CdS cells quickly

followed the original single-crystal work, and the subsequent development has been

reviewed recently by Shirland (357}° The account given below for the period 1954-

1958 is drawn from this source.

The earliest report of the observation of a photovoltage in a thin film of CdS was by

Nadjakov et al. (396) in 1954, who used a CdS film vacuum deposited over a pair of

aluminum and gold contacts, a small photocurrent (10-8 -10-9 A) being obtained under

illumination. A program aimed specifically at investigating the feasibility of solar

cells made from CdS films was run at Clevite laboratories during 1954 (397}, and thin-

film cell work was also supported there by the USAF during 1955-1956 (398}. Conduct-

ing glass and copper substrates were used, with a rectifying contact made with copper,

Cu20, or Cu2S- photocurrents in the 10 -5 -10 -6 A range were obtained, thus demon-

strating that the concept was feasible in principle. Another attempt to apply Reynold's

cell fabrication method to a thin-film device was made by Cabannes in 1958 (399}.

CdS was deposited under vacuum onto semi-transparent films of Cu or Au on glass

substrates, with an In ohmic contact being deposited onto the CdS film. Again, photo-

currents in the tens of microamperes range were seen and, as with the Clevite cells,

the efficiencies were limited by high internal cell resistance.

This resistance problem was tackled by Gorski at Harshaw Laboratories during 1960,

who managed to evolve a process for vacuum deposition of thicker CdS films (Cabannes

had found that films thicker than 2 _m cracked off the substrate). The same process-

ing methods as developed for making active junctions in the single-crystal CdS cells

were used. In these, a layer of fine copper particles was formed on the CdS surface

by electro-deposition, followed by a heat treatment to form a Cu-CdS junction.

In the same year (1960}, Moss of RCA Laboratories reported results obtained with

cells made from vacuum-evaporated CdS layers (400), but using a different junction-

forming technique. Finding that the copper electro-deposition process led to uneven

results with polycrystalline CdS layers, the RCA workers applied a paste of finely-

divided metallic copper to the CdS surface, either by brushing or by silk-screening.

This was then followed by a heat-treatment to form the Cu-CdS junction, as for the

Harshaw process. Both groups used glass substrates with the CdS applied to a trans-

parent conducting coating of tin oxide, the completed cells being of the backwall type,

and having the structure shown diagrammatically in cross-section in Figure 68. The

Harshaw cells showed efficiencies up to 3.5% for cells of 2 cm2 area, whereas the

RCA cells were limited by internal series resistance, with efficiencies up to 1%, on

smaller areas. These results generated fresh interest in this type of cell, and several

groups became involved in attempts to develop a practical cell manufacturing technique.
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Figure 68. Cross-section of early RCA thin-film CdS cell.

In 1961, an appreciable part of the contractual effort under the USAF funding for CdS

cell work at Harshaw Laboratories (401) was devoted to thin-film cells. This work

was done with backwall cells, mainly on conducting glass substrates. However,

several types of alternative substrate were tried, including 2 rail ribbon glass with tin

oxide coating, molybdenum and tantalum metal foils, plastic films (Mylar and Teflon),

and various composites (glass paper, and a Teflon-glass paper laminate). The strains

in the thin glass sheets were found to be too great to allow high temperature process-

ing or normal handling, and the plastics and laminates were found to either melt or

cause unsuitable CdS film textures. However, the metal foil substrates were found to

be satisfactory, and came into general use. The active junctions in these cells were

made by the techniques developed for baekwall cells, in which a "mossy" metallic

copper layer was electro-deposited on the exposed CdS surface by plating in a solution

containing HNO3, followed by a heat treatment cycle, and the subsequent removal of

the remaining Cu by wiping the surface. The counter-electrode to the active surface

was formed by applying stripes of silver paste with a ruling pen, to provide a comb-

like pattern. These methods were adaptations to the frontwall cell of techniques used

for the bacl_vall cell, and hence were not ideally suited to the devices being made,

which sbowed efficiencies of about 1%. However, the cells made in this way indicated

the feasibility of the flexible substrate cell, and it remained for future work to de-

velop cell fabrication processes better-suited to the frontwall configuration.
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At this time also, lamination of cells betweenplastic sheets to provide protection and
facilitate cell connectioninto arrays, was first investigated. The process involved
heating and applying pressure to a sandwich built up of the foil-substrate cell and
thermoplastic films, together with layers of release agents (to prevent the thermo-
plastics from sticking to the die}. For arrays, electrical connections betweencells
were made by including conducting foil strips in the sandwich. Various thermoplastics
were used, the more successful being polyethylene, polyethylene-coated Mylar, polytri-
fluorochlorethylene ('Kel-F'), and polyvinyl fluoride ('Tedlar'). Large area cells
were made at this time (about250 working 1" x 3" cells, and 85 3" x 3" cells, were
made on Mo substrates during this contract), and thus the feasibility of large-area
cells was immediately demonstrated. It remained for the future to pull together the
goodefficiencies of the backwall cells made on the conducting glass, and the large
areas on a practical substrate of the metal-foil cells. This work at Harshaw also
appears to have beenthe first occasion onwhich the electroless copper-deposition
process was mentioned. Although the cell efficiencies resulting from its use during
this period were very low, it has since becomethe standard methodfor making the
Cu2Sebarrier on the CdSand will be described later. This work also showedthat the
active barrier layer was Cu2Se, the evidence being basedonX-ray diffraction and
chemical analysis. Results also showedthat the presence of cuprous ions (rather than
cupric} in the electroless plating solution was essential.

The group at RCA also continuedwork on CdSfilm cells under the sponsorship of the
USAF, and described their results in a series of reports during 1961and 1962(402}.

During this period, cell efficiencies were improved along with cell area, so that by

the end of the contract, cells with the following areas and efficiencies had been made:

Efficiency Area

(%) (cm2)

5.7 0.2

3.32 3.33

2.24 17.2

1.2 i00 (4" x 4")

The efficiencies obtained bythe Harshaw and RCA groups for backwall cells on tin-

oxide coated glass substrates, thus appear to have been comparable at this time (1962).

Whereas the Harshaw group had not found a suitable plastic substrate, the RCA workers

obtained from a Dupont pilot line a sample of a high-temperature plastic film which

proved suitable for cell fabrication. The material was a poly-imide, 15 later marketed

under the trade names H-film or Kapton, and now the standard plastic substrate ma-

terial. The optical transmission of this plastic permits operation as a backwall cell.

The original RCA work used a substrate coating of vacuum-deposited layers of chro-

mium and gold to provide contact to the CdS film. Both backwall and frontwall cells

15A polymer containing the ring structure: C J N -- C|
_N--C
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were fabricated, the substrate coatings being made sufficiently thin to allow reasonable

optical transmission in the backwall cells, as shown schematically in Figure 69. For

these plastic-substrate cells, the CdS deposition and barrier formation processes

were essentially the same as those described by Moss (see above). However, the cell

efficiencies were lower (about 1%) than for cells made on glass substrates.

By 1962, then, all the major elements which have led to the present success of CdS
thin-film cells had been introduced:

9,

a. For small-area (_ 1 cm-) cells on glass substrates, encouraging efficiencies

had been obtained, above 5%.

p

b. For large-area (50-100 cm-) cells on glass substrates, feasibility had been

demonstrated, with conversion efficiencies a little over 1%.

Ca For flexible, light-weight cells, the feasibility of metal foil or plastic film

substrates had been demonstrated, with efficiencies up to about 1%.

Problems outstanding at this time were:

a. The low efficiency of the large-area cells, a primary cause being high series
resistance.

b° The degradation of cell efficiency during storage, apparently because of the

action of moisture from the atmosphere on the CdS.

C. A general lack of reproducibility, particularly in the process for forming

the active layer on the CdS, and in providing satisfactory electrical contact
to the active surface of the CdS.

In reference to this last item, it is perhaps worth noting a fact which appears to have

not been explicitly described in the reports on CdS cell work. The only way yet firmly

proven to make reasonably satisfactory contact to the copper-treated surface of the

CdS is to attach a metal mesh by pressure contact or use a conducting adhesive such

as silver-loaded cellulose lacquer or gold-loaded epoxy. Ideally, evaporated metal

contacts to this surface would be used, as in silicon cell technology. Although many

attempts to develop such a process have been made (starting during the initial work

described above), in no case has a reproducible technique been found. A strange fact

is that occasionally working cells have been made with evaporated grids. In every

reported case, however, further application of an apparently identical process has

resulted in short-circuited cells. This, therefore, represents a particular example
nf fh_ l_n_ nf r,_n'r, nrl._ihilitv m_nt.lcmec].

It will be understood that a large number of abortive investigations aimed at discover-

ing ways to make improved cells had been made up to 1962o It would be inappropriate

to discuss these exhaustively here, but two particular areas are worth mentioning.
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Figure 69. Cross-sections of early plastic-substrate thin-film CdS cells.
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The first of these concerns the quality of the CdS layers. It was felt that increase of

crystallite size should improve cell performance by reducing the number of grain

boundaries in the cell (thus improving the minority carrier mobility and hence, the

collection efficiency and short-circuit current). A recrystallization process employ-

ing silver for treating CdS to increase grain size was developed by Gilles and Van

Cakenberghe (403), and this process was applied to the CdS layers used for cell fabri-

cation by the RCA group (402). Although improvement in carrier mobility was seen,

all operating cells made with these reeyrstallized layers showed low efficiencies,

due partly to shorting of the active junction by silver precipitation, and partly to non-

uniform barrier formation with the reerystallized CdS.

The second area of endeavor which yielded negative results concerned the barrier

formation process. Ideally, this would be a vacuum evaporation step, to follow the

CdS vacuum deposition, and followed, in turn, by a vacuum-evaporated contact grid.

Many different elements and compounds were investigated for barrier formation, but

in no case was a cell obtained approaching the quality of those which could be made by
the "wet" processes originally developed.

The problem of series resistance in the large-area cells was largely eliminated by the

use of metal mesh counter-electrodes applied with adhesive to the active surfaces of

frontwall cells. This solution was first arrived at by Griffin of the Harshaw group,

who used an electroformed mesh with 85% optical transmission but very closely spaced

grid lines (about 70 lines per inch). This was attached to the cell surface by lamination

with transparent plastic as described above, the mesh-Cu2S contact being mechanical

only. Other groups developed similar techniques shortly afterwards (e. g., the RCA

group used gold meshes, which in experimental cells were attached by pressure-

sensitive adhesive tapes, a particularly quick and convenient process).

Testing revealed stability problems which were not easily solved, however. It now

appears that effects from two causes were seen, although this was not clearly evident
at the time:

a. Shelf degradation, apparently by interaction of moisture with the CdS, and

a familiar problem from the start of work on CdS cells, was present.

0 In addition, a degradation caused by temperature cycling of cells with laminated

grids appeared. This was manifested by short-circuits developing in the cells,

or by an increase in cell series resistance, after about 20 temperature cycles
intended to simulate satellite orbit conditions.

The solution of these problems has not been quick or easy, and this will be described
!ater.

In slight digression, a project will be described which ran at the National Cash Register

Corp. Laboratories starting in 1962, under funding from the USAF. The objective of
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this project was to developan alternative CdSfilm manufacturing process. It ran until

the middle of 1965, with progress reports being published periodically (404-406). A

spray technique was developed for making CdS films based on pyrolytic decomposition

on a heated substrate of organic materials containing cadmium and sulfur. Layers

were made from aqueous solutions of cadmium thiocyanate Cd(SCN)2 and the complex

formed by cadmium chloride and thiourea Cd [(NH2)2CS]2C12. Typically, the sub-

strate was positioned on a hotplate below a sprayhead (of the type used for forming

aerosols of paint), with the substrate at about 200°Co The spray solution was applied

in a rather dilute form, and careful filtering to remove gross particles, and substrate

motion to maintain uniformity of deposition and adequate temperature control, were

found to be necessary: the original reports list process details and precautions.

Substrate selection proved a major problem. Initially, cells were made on conducting

glass, as was used for the vacuum-evaporated CdS films. The cells made were of the

backwall type, and efficiencies up to 3.5% were obtained on 2 cm 2 devices containing

Cu2S barrier layers formed by a spray process similar to that used for the CdS deposi-
tion. A suitable solution for this process was found to be a mixture of aqueous solu-

tions of copper acetate and N-N, dimethyl thiourea. With frontwall cells on flexible

metal substrates, however, difficulties in obtaining good cell efficiencies were en-

countered. Substrates investigated were molybdenum, cadmium-plated copper,

phosphor-bronze, various steels, and, during the second contract period, a Cu/Cd-

alloy plated steel.

Results from this work showed that large-area cells (3" x 3") on metal foil substrates,

could be made with conversion efficiencies up to 0.56%, and that smaller cells (1 cm 2)

could be fabricated with efficiencies up to 2%. In no case, however, were results ob-

tained which were comparable to those seen in the cells made on metal substrates by

the vacuum-deposition process. Since the devices produced by the spray process on

glass (backwall cells) were comparable in efficiency with those produced with vacuum-

deposited CdS, this result was disappointing, and the possible reasons for it are of

relevance to the purposes of this review. It appears that the Cu2S layer in these cells

was considerably thicker than that used in the vacuum-process cells. Unfortunately,

the barrier-formation methods for the latter do not produce working cells when the CdS

layers are too thin, and the difference in thickness of the CdS in the two types of cell

(N15-20 ttm for the vacuum deposited CdS, --_1 ttm for the sprayed CdS) apparently

prevents the use of the chemiplating or electroplating methods for forming the barrier

layer. The thickness of the sprayed CdS layers could apparently not be increased

without causing flaking of the layer from the substrate.

These sprayed CdS cells exhibited in some instances a type of behavior not seen in any

other CdS cells. As described in Section IV-C-4 above, single-crystal CdS cells ex-

hibit an extrinsic spectral response, and open-ciruit voltage values, which would be

appropriate to a material with an energy gap Eg -_ 1.2 eV rather than the 2.4 eV of
CdS. The same behavior is generally seen in thin-film CdS cells (407). However,

some of the sprayed CdS cells showed a very small extrinsic spectral response, and
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had open-circuit voltage values around 1.0 V. The cells thus behaved more nearly as

one would expect for CdS, and this is unique among CdS solar cells. The spectral

response of a high-voltage CdS cell is compared with a typical CdS cell response in

Figure 70. It should be noted that the measurement conditions were not identical for

these curves; however, white bias light would not be expected to appreciably alter the

intrinsic response. The NCR group postulated that the response arose from a combina-

tion of intrinsic absorption in the CdS, and absorption in CuS to provide the response

on the long wavelength side of the response curve. They found that the incorporation

of copper into the CdS film appreciably increased the extrinsic response of cells which

otherwise would show mainly intrinsic response, but the quantities of copper required

were appreciable (up to a ratio of 1:20 Cu:Cd in the spray solution). High-voltage cells

showed efficiencies up to 2%, but were severely series resistance limited. A positive

correlation between Voc and Rs was found, and in spite of the feeling of the NCR group

that this series resistance did not pose an unsolvable problem, it certainly contributed

to the difficulties in making good cells of this type. For cells with Voc values between

0.8 and 1.0 V, Rs values for tm-illuminated cells lay between 150 Ohm and over 100

kOhm, and although Rs values usually decrease under illumination in CdS cells, low

values of Isc (between 0.015 and 1.5 mA. cm-2), and F (between 0.4 and 0.25) were

in general obtained on these cells.

In summary, then, the NCR work proved the feasibility of a potentially low-cost method

for making CdS thin-film cells, but the efficiencies of the cells made in this way were

felt to be too low to justify continued efforts on this process for the provision of solar

cells for space power.

>-
o
Z
hi

(J

h
LL
t_J

F-
Z

O

E3
bJ
N

/

E
O
Z

MONOCHROMATIC RESPONSE
UNDER WHITE LIGHT BIAS
FOR THiN FILM FRONTWALL
CELL

•MONOCHROMATIC RESPONSE FOR
THIN FILM HIGH-VOLTAGE CELL

0 I I I I I I I

4 000 6000 8000 I0,000

WAVELENGTH (ANGSTROMS)

Figure 70. Curves comparing spectral responses of normal (extrinsic) CdS

cells, and chemically sprayed (intrinsic) CdS thin-film cells.
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Meanwhile, the work on CdSthin-film cells at Harshaw Laboratories, described
above, continued. The original contract (401)was succeededby a second (408), also
fundedby the Air Force, while an additional project was fundedby the National Aero-
nautics and SpaceAdministration, both being carried out in the same laboratory (409).
Under the Air Force contract, the attachment of the grids to the Cu2Slayer by lamin-
ation, first used near the end of the previous contract (401), was developedfurther.
The thermoplastic thenused was a nylon film (trade-name "Capran"), with outer lam-
ination sheetsof Mylar, to give a cell cross-section as shownin Figure 71. Contact
to the grid mesh was by a metal foil tab, also attached during lamination. Various
materials were evaluated for the grid mesh (gold, silver, copper, and nickel), and
best results were obtainedwith the gold mesh, which was then used for most of the
cells• It was also discovered about this time the Mylar, although adequatelyresis-
tant to particle radiation, darkened under UV exposure• The use of a Mylar film
coatedwith a UV-absorbing layer was found compatible with the lamination process
after modification, althoughvarious other plastic films, including Kel-F, Teflon
(poly-tetrafluoroethylene), polypropylene, and Phenoxy-8, were tried and rejected.

A pilot line for cell production was started at this time, fabricating cells by the fol-
lowing process:

a. 2-rail molybdenumfoil substrate was cleaned and etched, and a 2-mil layer
of CdSwas depositedunder vacuum onto the heated substrate.

_ ILLUMINATION
MYLAR ENCAPSULATION

;APRAN NYLON ADHESIVE

Cu2S SURFACE

GRID LINE

CdS LAYER

MOLYBDENUM SUBSTRATE

::::: :::::1 "_""" ...........................................::::::::::::::::::::::::':::::::::::::° • • :::::::::::::::::::::::::::::::::::::::° _" i:i:i:i:i:i:i:i:!:!:i

iiiiiiiiiiii!iiiiiiiiiiiii!i!iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!iiiiiiiiiii}iiiiiiiiiiiiiiiiiiiiiiiiiiiii!iiiiiiiiiiii_iii_ii!!iiiiiiiiiiiiiii!iiiiiiiiiiiiiii_iiiii_ii_iiii!iiiiiiiiii!ii!iiii!ii!iiii!ii!iiiiiiii!iiiiii!iiiiiiiiii!iiiiiii!iiiiiii!!iiiiiiiiiiii!i!iiiiii!ii!

Figure 71. Cross-section of Harshaw thin-film CdS cell, showing

encapsulation and grid attachment by nylon/Mylar lamination process.
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Do "Mossy" copper was eleetrodeposited on the CdS surface from an acid solution

(HNO3) , followed by a heat treatment in air (_250°C for a few minutes) to

form the copper-activated surface. Excess copper was wiped off either before
or after the heat treatment.

c. The cell was laminated with gold mesh, nylon, Mylar, and connector tabs.

It should be noted that increasing commercial interest in the cells became apparent at

this time, so that precise process details become more difficult to glean from the

reports.

More than 1500 (3" x 3") cells were made on the pilot line, with efficiencies averaging

2.2%, and the highest efficiency seen was 5.12%.

Other research on cell processing was performed, aimed at discovering alternative

cell fabrication methods or at elucidating the mechanisms of the established processes.

In particular, other ways of depositing the CdS layers were tried, presumably prompted

by the NCR sprayed-CdS work. Electrophoretic deposition of CdS was used in which

colloidal CdS particles, charged by interaction with a suitable fluid suspension medium,

were deposited by application of a d-c potential to the substrate, followed by sintering

to provide compaction and adhesion to the substrate. Satisfactory adhesion and grain

size could not be obtained. A technique in which a water suspension consisting of a

mixture of CdS and CdC12 was sprayed onto a heated substrate was also investigated,

but was not found satisfactory.

Studies of the CdS film structure were also pursued, and a considerable effort was

made to develop a model of cell operation from spectral response studies. The re-

sulting one-trap mechanism for cell operation was later rejected by the same group;

the reader is referred to the original reports for a more detailed account of this.

In the parallel work under NASA support, similar cell fabrication processes were gen-

erally used, and numerous 3" x 3" cells were made, with efficiencies in the 2.5 to 3.5%

range. In addition, 16 (6" x 6") cells were prepared, with unstated efficiencies, al-

though it was implied that these were not greatly lower than those of the 3" x 3" cells.

A feasibility study was run to determine the economics of manufacture of the 3" x 3"

cells, and various alternatives in terms of quantities and production rates were analyzed,

resulting in projected costs of $65 to $70 per watt.

Alternative metal foils for substrates were investigated, including tungsten, niobium,

zirconium, titanium, and kovar, but in no case were efficiencies obtained better than

those with molybdenum, although titanium-substrate cells offered potential weight-

saving advantages. Pressed mesh grids were used, and electroplated grids were also

investigated, using a photoresist pattern on the CdS surface, and plating through the

windows developed in the photoresist. Attempts were also made to use vacuum-

evaporated grids, with wholly negative results.
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In 1962, Clevite Research Laboratories also obtained support from NASAfor CdSthin-
film cell research (410). Work in this area had apparently been in progress prior to
this time, presumably supported by internal funds. An account of the results achieved
by Clevite during the period 1956-1962has not beenlocated. However, the first
quarterly report under NAS7-203indicates that the group was working with glass,
copper foil, and H-film substrateso The active barrier was being made by the
electrodeposited-copper process, but analternative technique was also tried, involving
the spraying of Cu20 onto the surface of the CdS. 4" x 4" cells were being made, but
the results obtainedwith cells on plastic substrate andwith cells made by the sprayed-
Cu20 technique were not encouraging, their efficicncies being less than 1%. However,
becauseof its potential for making bacl_vall cells, work with H-film and glass substrate
cells was continued, and eventually cells on glass with efficiencies up to 4%in the
4" x 4" size were obtained. Thesebacl_vall Clevite cells were prepared on substrates
without a conductive coating, the CdSbeing given a thickness and conductivity adequate
to allow lateral conduction to a "picture-frame" electrode at the cell periphery. How-
ever, CdSfilms with sufficient thickness would not adhere adequately to the plastic
substrates, so that 6 cm2 cells on plastic substrates had effieiencies of about2.5%,
being partly limited by series resistance.

During 1964, then, the Harshaw and Clcvitc cells were both madewith vacuum-
deposited CdSfilms, using the electro-deposited copper process for forming the cell
barrier. However, Harshaw cells were frontwall devices on metal (molybdenum)
substrates, whereas the Clevite cells were of the backwall type, onpolyimide sub-
strates. Early in 1964, F. A. Shirland left Harshaw and joined the Clevite group of
Augustine and Deshotels. Both the Harshaw and Clevite groups obtained continued
funding for CdScell research (see Table XX) under contracts with NASAand USAF,
but Shirland noted (357)that at least Clevite also provided internal support for the re-
search. Both groups addressed themselves to the problems of obtaining:

a. Efficient cells on lightweight flexible substrates,

b. Process control to give goodproduction uniformity, and

c. A solution for the cell stabilityproblem.

The Harshaw group continued to use molybdenum substrates, and developed a method

for reducing the thickness of these from 2 to 0.3 mils by etching after cell formation

thus avoiding the difficultiesof handling very thin foil(411, 412). This process largely

negated the weight advantage of the plastic films, although itwould probably be dif-

ficultto incorporate such a process into a manufacturing line at low cost. However,

for a single cell, a power-to-weight ratio of 77 watts Ib-I was achieved using this

technique in early 1965. During this period, also, the Harshaw group moved toward

the use of electroplated grids, rather than the applicaton of electroformed meshes.

This process could also provide weight-saving advantages. The Harshaw group re-

investigated the use of laminated Mylar as an encapsulant, and found that under UV
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exposure equivalent to one year in earth orbit almost complete darkening of the plastic

occurred, with complete loss of output from cells with this encapsulant. Cells lami-

nated with Kapton showed degradation under the same orbital simulation, but this was

felt to be due almost wholly to thermal effects, as darkening of the Kapton was not

seen. However, this material was found to exhibit optical absorption towards the blue

end of the cell response spectrum, so that initial output from Kapton-coated cells

would always be at least 20% less than from Mylar-coated devices. Proton and elec-

tron radiation damage experiments showed the cells to be more radiation resistant

than n/p silicon cells. A novel cell fabrication method was tried, in which CdS was

deposited on copper substrates, and processed to form a backwall cell by diffusion of

copper into the CdS: this was found not to give promising results.

In late 1963 or early 1964, a major advance in cell fabrication methods had occurred.

This was the "chemiplating" method for barrier formation, which is now commonly

used, albeit with some improvements. The CdS layer (on its substrate) is dipped for

a period of a few seconds into a suspension of CuC1 in water at 90-100°C and then

rinsed. This is followed by a heat treatment, in which the cell is held at approxi-

mately 250°C for about 2 minutes. The CuC1 suspension must be prepared with

cuprous chloride from which cupric ions have been removed by leaching the powder

in HC1, after which processing the CuC1 should be stored in darkness, to prevent the

formation of further cupric ions by oxidation of the CuC1. The process is known to

form a layer of cuprous sulfide (Cu2S) on the cell surface, probably by the ion-ex-

change reaction:

CdS + 2CuC1 _ Cu2S + CdC12

The brief heat-treatment following the dip is believed to allow the diffusion of cuprous

ions into the CdS, in association with chloride ions, to form a narrow surface region

of CdS doped with these ions. This latter point is still not conclusively established,
however.

Although this procedure was first used for the fabrication of solar cells by the Harshaw

group (411), an analogous process had been described in 1962 by Cusano (413). This

was used to make photovoltaic Cu2Te/CdTe junctions, and the same author referred to

earlier unpublished work by himself in which photovoltaic Cu2S/CdS junctions had been

formed by the CuC1 hot dip process.

During 1964, the barrier-formation process in use at Clevite involved the application

of a cuprous oxide suspension in water to the CdS film surface with a brush, the cell

being at a temperature of 90-100°C (414). When a complete coating had been obtained,

the cell was allowed to dry, the excess Cu20 was wiped off, and the cell was heated to
about 200°C for a few minutes. As .................... '...... "- were -_ *_-^ _-_' .... "lll_llblUllt_U _t/.)UV(¢, bll_bt_ t_J.JLb U_. _li_ *J_l_w aL_

type, and were made on glass and on polyimide substrates. They showed efficiencies

of 4% for cells on glass, and 2.5% for cells on plastic.
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By 1965, however, the Clevite group had also gone over to the use of the cuprous

chloride dip process (415), and a striking improvement in cell efficiency was obtained

(416-418). The Clevite group also investigated the use of alternative halides in place

of chlorine for the barrier formation process. Although the original intention was to

obtain an improvement in cell stability, it happened that the most efficient thin-film

cells were obtained during these experiments. Although only a limited number of

cells was made, there was a strong indication that the replacement of the HC1 by HBr

or HI for the pre-barrier etch step was the principal factor in the change, having a

larger effect on cell efficiency than the use of CuBr in place of CuC1 for the dip solu-

tion. The highest efficiency seen, 8.35%, was for a cell made by etching the CdS film

in HBr, then forming the barrier by the usual CuC1 dip. However, the high cell out-

puts were maintained for only a few hours, while the cell efficiencies eventually

dropped to the values normally obtained with the HC1/CuC1 treatment. 16 Clevite cells

were now being made on metal (molybdenum) and on plastic (polyimide) substrates,

both in front-wall configuration. Electroformed mesh collector grids were used,

attached either by the nylon-Mylar lamination process, or by use of silver-loaded

conducting adhesive. Average efficiencies were 5% for the 3" x 3" (50 cm2) device,

with the best efficiency seen as high as 8.35% in a 12.1 cm2 cell.

I
I
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I
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The design of the 3" x 3" cells was considerably improved over the earlier versions.

The quality of the vacuum deposited CdS layers was better than before, so that thinner

films could be used without short circuits being developed during barrier formation or

grid application. This was presumably the result of improved substrate preparation

and deposition techniques, leading to elimination of pinholes in the CdS layer. CdS

layer thicknesses were now around 20 um, compared to the 50 um two years earlier.

Also, the cell contacting methods were improved, the electrical leads now being

integral extensions of substrate and grid instead of separate metal foil tabs attached

during lamination.

Alternatives to the use of molybdenum for metal substrate cells were examined, and

cells were successfully made on silver and copper substrates, both of which would be

cheaper than molybdenum. The plastic substrate cells were now front-wall devices,

so that a continuous metallic coating, to provide a suitable surface for CdS deposition,

had to be applied to the substrate. A vacuum metallization process with gold, as used

by the RCA group in their original work with plastic substrates, was used at first.

However, it was found to lead to too large a series resistance in 3" x 3" cells, and an

alternative process was developed which allowed cells on plastic substrates to be made

with efficiencies equal to those of metal-substrate cells. The plastic substrates were

16
With the exception of some work during 1967, in which CuBr was used on a trial

basis for the barrier dip solution during operation of a pilot line for cell production

(see below), further results in this area of investigation appear not to have been

reported.
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coated with a conductive polyimide varnish loaded with silver, which was cured and

then coated with a thin layer of zinc. The varnish provided good adhesion to the sub-

strate, and the CdS layer in turn adhered strongly to the zinc, simultaneously forming

a low-resistance contact. Alternatives to the earlier use of gold grids were also ex-

amined, since these provided an appreciable part of the cell cost. Cells were made

with high efficiencies using copper mesh, which became the standard material for grids

during 1965.

Methods of grid attachment were also investigated; this was related to the broader

question of cell stability. Testing showed variable behavior among the cells, some

cells on metal substrates retaining their original efficiencies (around 5%) for periods

of more than a year, under dry storage and vacuum thermal cycling. These cells were

made with gold grids attached by nylon-Mylar lamination. However, under storage

conditions allowing moisture absorption by the nylon, (which was found to be hygro-

scopic and to swell on absorbing water), severe cell degradation was observed. This

degradation was ascribed to separation of the grids from the barrier layer, caused by

swelling of the nylon. On relamination, degraded cells could be returned to their

original efficiencies. Attachment of grids with conducting epoxy was expected to elimi-

nate this problem. However, it was found that degradation of cells with epoxy-attached

grids also occurred, which was found to be due to loss of adhesion between the silver-

loaded epoxy and the copper grids, a condition which could be aggravated by tempera-

ture cycling. The provision of a silver electroplated layer on the copper grids was

found to improve the adhesion, and it was decided that these would be used in the future.

The use of alternative encapsulant layers (thicker Mylar, and Kel-F) was found to

apparently reduce the moisture penetration, without completely eliminating it.

The question of coatings for CdS cells was also tackled by the group at Harshaw Lab-

oratories under NASA funding (419). Most of the work was done on the deposition of

glass layers by rf plasma sputtering. Although adherent layers were eventually ob-

tained, it was found very difficult to apply sufficient power, as needed for adequate

deposition rates, without heating the cells too much. The adhesion of evaporated

films of SiO and MgF2 of reasonable thickness (3-8 pm) to the cell surface was found

to be not adequate. Of the objectives, to obtain both better efficiency by providing

antireflection coatings and I-R emitting surfaces to reduce cell temperature, and

better stability by providing moisture barriers, some progress was made only toward

achieving the I-R emissive surfaces. The difficulties encountered were sufficiently

large to make further work appear to be not worthwhile.

During 1965, the USAF funding of the work at Harshaw terminated, but the NASA sup-

port continued (420). Cell efficiency increases as striking as those attained by the

Clevite group had not been obtained, a performance of 3.52% conversion efficiency

being thebest seen during 1965. However, the electroplated grid process was im-

proved until it provided a yield of operating cells of over 80%. In their work on
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cell fabrication, the Harshaw group concentratedon the use of electroplated grids.
The reason for this seems clear: the useof separate electroformed grids was proving
to be a major obstacle to the achievement of stability for the Clevite cells, andthe
electroplated grids had been shownto give exceptional stability. Although electroplated
grids yielded lower efficiency cells, it was felt that ways could be found to overcome
this problem. Unfortunately, the solution to this problem was not as easily found as
might have beenhoped, so that the efficiencies of cells with electroplated grids re-
mained lower than those of cells with mechanically attached mesh grids.

A principal aim of the most recent Harshaw work has beento establish a viable model
for the cell as an aid to understandingits operation. During 1965, Hill andKeramidas
determined that the cell containeda surface barrier region of non-stoichiometric
degeneratep-type Cu2Sin contact with the n-type CdS(421), a structure which was
similar to earlier suggestions. More importantly, however, they proposed that the
region of CdSadjacent to the Cu2Slayer contained complementary concentration gradi-
ents of Cd++ and Cu+ ions, andthat solid-state diffusion of these ions accountedfor
changesin the cell properties, especially the spectral response, on heating the cell.
It was also felt that these electrically active ions could be sufficiently mobile to cause
appreciable changesin cell behavior even at room temperature. The implications of
this ion motion for cell stability, as well as the evidence for and against its actual
.occurrence have beendebatedever since.

The main evidence for the occurrence of ion motion in CdScells at room temperature
is a hysteresis effect, which was studied by both the Harshaw and Clevite groups,
starting in 1964onwards. This hysteresis is seen in the I-V characteristic of the cell,
as shownin Figure 72. Suchlooops canbe causedby junction capacitance and are
then seenat audio or higher frequencies. However, this hysteresis is seen when
curves are traced over long periods of time, so that explanation of this effect requires
a search for processes with corresponding time constants. The Clevite group meas-
ured the hysteresis effect over periods of some minutes, and proposed that the mech-
anism for the effect involved thermal emptying of trapping levels, an effect which is
frequently observed in photoconductor studies using CdS. The Harshaw group, how-
ever, observed the hysteresis effect over periods of 48 hours and more. This led to
the interpretation in terms of ion diffusion by the Harshaw group in 1966(420, 422),
and, with some assumptions about the magnitude of ion motion neededto causethe
observed electrical effects, diffusion constants could be calculated which were reason-
ably consistent with published data obtained by other methods. This ion movement was
emphasizedin a revised model, published in 1967(423). The dependenceof the spec-
tral response on cell operating temperature was shownto be explicable in terms of
shifts in the chemical equilibrium

2CuC1 + Cd_Cu2S + CdC12

24O
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I
This would imply that CuC1 and CdC12 were present in the cell after fabrication.

I Measurements of junction capacitance as function of reverse bias voltage were per-formed to determine the distribution of the fixed charge in the junction region, using

the effect analyzed by Shockley and mentioned in Section III-D-2-b. These measure-

I ments showed that the cell behaved as if it contained an abrupt p-n junction. The twointerpretations:

+ ++

I a. that the Cu and Cd ions are mobile at room temperature, and

b. that the p-n junction is abrupt,

I are still disputed by other workers in the field, as is the postulate that the finished

cell contains free Cu +, Cd +÷, and CI- ions. The disagreement may result from real

I differences between cells which arise from differences in the fabrication proceduresused by the various groups.

I The latest advance in cell manufacturing methods took place during 1966. The Clevitegroup discovered that the improvement in cell stability, hoped-for through the use of

silver-plated copper grids attached with silver-loaded epoxy, was not obtained (424).

I Under temperature cycling, a steady loss in cell efficiency was observed, resultingmainly from a reduction of cell voltage. This behavior was different from previous
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degradation effects, which had always beentraceable either to short-circuits in the
cell or to an increase in series resistance, both leading to loss of fill-factor and cur-
rent. It was now postulated that stresses causedby differential thermal expansion
betweenthe grid and the CdSlayer were causing a buildup of work damagein the CdS,
resulting in loss of Voc. 17 The use of gold as a filler in the conducting epoxy, in
place of silver, was found to eliminate the problem, whenused in conjunction with
gold-plated grids.

The hygroscopic nylon adhesive layer was also removed from the cell design, a clear
epoxy being substituted. This was sprayed onto the Mylar or Kapton encapsulant film
before lamination, and was cured by heating to 190°Cduring lamination, followed by a
heat treatment at 80°Cor abovefor a period of somehours to complete the curing.
Humidity testing (80%RH) showedthat this changedefinitely improved cell stability,
and a goodproportion of cells with gold grids and epoxy lamination were found to have
degradedless than5%under several thousandtemperature cycles, and under 2 to 7
months of humid storage. In addition, high-temperature (100°C)vacuum storage tests
were run. These tests gave variable results, from severe degradation (no output after
16 weeks), to complete stability (no apparent changeafter 16weeks).

Although these test results indicated that the stability problem with the cells was not
solved, the Clevite group took them as evidence against the possibility of degradation
by ion diffusion, as implied by the Hill-Keramidas cell model, since some cells
showedcomplete stability through these tests.

Improvements in the cell power-to-weight ratio were also made during 1966by the
Clevite group. Useof the metal substrate was temporarily discontinued, and the
plastic substrate and encapsulating films were reduced in thicl_nessfrom 2 to 1 rail.
In addition, the grid meshwas improved from 60x 60 lines-per-inch to 60 x 10 lines-
per-inch, the nominal line width remaining 1 rail. This improved the optical trans-
mission from 85to 91%.

The typical performance of the better Clevite 3" x 3" (55 cm2) cells at this time
was •

Efficiency: 6.0%

V : 0.50 volts
OC

17
One is tempted to speculate on the possibility of the silver playing an active part in

changing the crystallographic structure of the CdS in contact with the epoxy, be-

cause of the striking effects seen by Van Cakenberghe and others on the recrystal-

lization of CdS by the use of silver, even though the temperatures used in the Van

Cakenberghe process are higher than those achieved in the temperature cycling.
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0.960 A (17.5 mA cm -2)

F: 0.67

R : 0.06 Ohm
S

-2
all measured under 100 mW. cm sunlight equivalent. At this time began an appreci-

able effort to produce larger quantities of cells, coupled with a tightening of process

control, and the establishment of standard processing methods to increase production

yield and device uniformity. This was apparently the reason why the very high effi-

ciencies obtained occasionally during earlier work have not been seen since, although

the average cell efficiencies have been maintained near 5%. It seems that the proc-

esses for which control and reproducibility have been obtained, are not identical to

those which previously led to the highest cell efficiencies. Some processes may also be

inherently difficult to control, and it is perhaps for this reason that the replacement of

HC1 with HBr or HI in the barrier formation process has not been pursued further.

Additional work has been done at Clevite on production methods for thin-film CdS cells

under NASA funding in the period 1966-present, but reports on this are not yet avail-

able (425). The latest report on the status of Clevite cell fabrication appears to be

that given by Hietanen and Shirland in 1967 (426). Substrates in use are both copper

foil and silver-varnish coated polyimide plastic, both given a thin coat of zinc before

CdS deposition. The CdS is 20 _m thick, the barrier is formed by etching the CdS in

HC1, dipping in CuC1 for about 5 seconds at 90°C, rinsing and then heating in air to

about 250°C for 2 minutes. Gold-plated copper grids are attached with gold-loaded

epoxy, and Mylar or Kapton sheet encapsulant is attached with transparent epoxy.

Substrate and grid extensions serve as contact tabs, the total cell thickness is

3.2-3.5 mils, and the active area is 55 cm2. Efficiencies are near 5% average under

100 roW. cm-2 sunlight. Stability, although much improved, continues to show vari-

able results, some cells being completely stable under storage and vacuum thermal-

cycling tests, other cells showing degradation.

Reference 426 also reported a suggestion by Spakowski that a compromise between the

high optical transmission of the Mylar encapsulant and the good UV resistance of the

Kapton encapsulant could be achieved by applying an 0.2 mil thick layer of Kapton as a

polyimide varnish on Mylar-encapsulated cells. The Kapton presumably would absorb

the UV sufficiently strongly to protect the underlying Mylar, while not being sufficiently

ullAur,, tO giV_ "_nnr_rinh]_ nntien] nh_nvntinn in l:hp m_in r_ncra nf ¢na_ft,_] eane1+{,T_t,T nf

the cell.
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In addition, a secondseries of projects has recently beenfunded at Clevite by the
USAF. During 1966-1967, a pilot line was operated to optimize manufacturing methods
and to make cells for balloon and spaceflight testing (427}. Someof the manufacturing
process variations were:

a. Copper doping the surface region of the CdS layer either by introducing

copper during the deposition of the top 2000-5000A of the semiconductor
layer, or by evaporating a 200-1000A thick layer of Cu onto the CdS

layer.

b. Introducing chlorine into the CdS layer.

c. Evaporating a layer of Cu2S onto the CdS surface prior to the CuC1 dip

process.

d. Heat treating the CdS layer under various ambients prior to barrier
formation.

e. Dipping the films in Na2S or CdC12 solutions prior to barrier forma-
tion.

f. Making the barriers by dipping in CuBr rather than CuC1,

go Forming the Cu2S layers by vacuum deposition of Cu2S, followed by

immersion in Na2S to produce the non-stoichiometric CUl. 8 S believed

to be formed by the dipping process.

h. Forming the Cu2S layers by vacuum deposition of Cu followed by im-
mersion in a solution of sulfur in benzene.

i. Using a solution of CuC1 in acetone for the barrier-formation dip

process.

j. Heat-treating the cells under various ambients after barrier forma-
tion.

In no case were more efficient or stable cel]_ made than those produced by the standard

processes.

Of the cells made for flight testing, the first group delivered was of the type in which

the grids were attached by the nylon-Mylar lamination method. As would be expected

from the results described above, these failed by delamination during preflight testing.
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Other cells delivered used grids attached by gold-epoxy, and had Kapton lamination

attached by clear epoxy to provide UV resistance (though at a sacrifice of performance-

the arrays delivered only 3-4% conversion efficiency). Results on flight testing of

these cells have not yet been reported.

Starting in June 1966, the USAF has funded a continuing series of studies at Clevite by

Shiozawa and others, aimed at providing an understanding of the known experimental

facts of the CdS thin-film cell (428). During the first year, a cell model was developed

which provides a good fit to the experimental facts. This is termed "model 1066", 18

and postulates that the barrier region of the cell contains three layers, as shown in

Figure 73. The intrinsic CdS layer arises from the presence of allowed electron

energy levels near the center of the forbidden band gap, as shown in Figure 73a.

These levels are caused by the presence of copper atoms, and act as traps for the

conduction electrons, which were contributed from the donor levels near the conduction

band. The Cu2S is highly degenerate p-type (1020 holes cm-3), and the collector grid

makes an ohmic contact to this layer. The substrate forms an ohmic contact to the

CdS, and the junction between the intrinsic and the n-type CdS provides the region of

main photovoltaic activity. A revised model ("1067'_ has since been presented, in

which it is proposed that the band structure is as shown in Figure 73b, and the photo-

active barrier is the Cu2S-(i)CdS junction.

In the dark, the device should behave as a rectifier, but with a rather high series re-

sistance arising from the intrinsic CdS layer. Under illumination of the Cu2S surface,

it is assumed that most photons with energies not greatly exceeding the band gap of

Cu2S (1.2 eV) are absorbed in the Cu2S, but that a portion of the photons with energy

above 2.5 eV penetrate into the intrinsic CdS region, create electron-hole pairs there

and fill up the electron traps. The photo-produced excess holes in the Cu2S diffuse to

the collector electrode, and the electrons diffuse into the intrinsic CdS region, where

they are accelerated by the electric field, and enter the n-type CdS. This model

therefore explains the major features of the CdS cell:

a. The spectral response is governed by the energy gap of the Cu2S

(1.2 eV) rather than by that of the CdS (2.4 eV), thus accounting for

the extrinsic spectral response.

b. The photoconductivity of the intrinsic CdS region accounts for the

experimentally observed crossing of the light and dark I-V charac-

teristics. (This effect is shown in Figure 74).

C° The spectral response of the photoconductivity of the intrinsic CdS

should increase in the green spectral region (near the 2. 4 eV band

edge), and hence green bias light will lower the series resistance,

which accounts for the e._hmucement of the red response when _green

light (or white light) bias is applied.

18
It was proposed during October, 1966.
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Figure 74. I-V curves for a CdS cell in the light and the

dark, showing crossing of the two curves.

d. The Voc of the cells should be governed by the material with the

smallest energy gap, i. e., the Cu2S, and the Voc values seen in

practice are consistent with this (Eg = 1.2 eV, Voc = 0.4-0.5 V).

A large number of experiments to support this model were reported, for the details of

which the reader is referred to the original reports. The measurements included data

on the Cu2S layer thickness and stoichiometry, the optical properties of Cu2S (in-

cluding evidence for a second conduction band minimum at 1.85 eV), diffusion and sol-

ubility of Cu in CdS, capacitance and I-V curve measurements on the cells, and spec-

tral response measurements. These supported the "1066" cell model, the difference

between the "1066" and "1067" models being only in the detail of the change in band

structure in the i-CdS layer under illumination. The effect of this change is that the

photoactive region occurs at the Cu2S-iCdS junction, as shown in the diagram. This

change was made after experiments which allowed the estimation of the carrier densi-

ties in the i-CdS region. This showed that the electron quasi-fermi level in the in-

trinsic CdS region must move close to the conduction band edge under illumination at

the intensity used in cell operation.

A chemical analysis of the Cu2S formed by immersion of CdS in CuC1 solution was

also performed during this work, and the result was at variance with the results ob-

tained during earlier analysis of this material. The previous results had indicated

that the Cu2S layer on the cells was non-stoichiometric, with a composition close to

Cul. 8S, the same as that of the stable mineral digenite. Shiozawa's group obtained

data indicating a stoichiometry of Cu2. 0025 S. Although a small proportion of the cop-

and the presence of Cd ÷+ in the Cu2S , this result indicated that the stoichiometry of the

chalcocite form of Cu2S (whose presence in the cells was inferred from X-ray diffrac-

tion data) must be close to the nominal value of Cu2S.
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Work on cell fabrication is continuing under Shirland at Clevite, recently under USAF
sponsorship (429). At the moment, attention is being focused on evaluating various
conducting adhesivesfor attaching the grid to the Cu2Ssurface of the cell, in an
attempt to improve cell efficiency and obtain cell stability. Best results have been
obtainedwith gold-filled epoxies, confirming the earlier results.

The most recent Harshawwork was fundedby NASA, and was a direct follow-on to the
previous research. The Harshaw group has now terminated work in this field, and
their final report on this contract therefore summarizes their achievements (430).
During this latest period, work was aimed at improving conversion efficiency, cell
stability, and manufacturing process control.

Close-spacedvapor transport was investigated as an alternative to vacuum evaporation
for making the CdSlayers, but lower efficiency cells were obtained than from the nor-
mal vacuum-deposition process. The growth habit in the films formed by vapor de-
position tended to produce whiskers, indicating that these layers had a surface which
was different from that of the vacuum-deposited layers. Hencethe dip process (whose
results can be assumedto dependto some degreeon the details of the surface condition
of the CdS)may not have beenwell-suited to the vapor-deposited CdS.

The doping of CdSfilms, to improve cell efficiency by controlling the carrier con-
centration, was also investigated. After overcoming various technical problems,
some control of CdSlayer doping and carrier concentration was achieved, but again
low cell efficiencies were obtained. This was partly dueto low Voc values, and
partly dueto high series resistance probably arising from poor contact betweenCdS
and molybdenumsubstrate causedby the changesin CdSlayer growth conditions,
these changesbeing necessary to obtain control of carrier concentration.

Alternatives to the dip process were examined with the objective of eliminating water
from the cell processing steps, since moisture is knownto play a part in cell degrada-
tion. The use of molten salt baths consisting of eutectic mixtures of cuprous salts
with other salts to give reasonably low molten temperatures (120-300°C)gave working
cells. However, the high temperatures led to reactions so rapid that short dip times
were necessary andcould not be accurately controlled. The use of cuprous ion dip
solutions using organic solvents was also evaluated. Best results were obtained with
a mixture of lithium and cuprous iodides in ethylene glycol. By adjustment of the
process parameters (dip time andtemperature, and post-dip heating time and temper-
ature), goodcells were made by this method, with efficiencies typically around 3-4%
and having a best value of 5.4%. Results indicated that goodVoc values (up to 0.55V)
could be reproducibly obtained, but that Jsc values were low, typically 10-14 mA.cm-2,
with a peak of 16mA. cm-2. Available effort did not allow exhaustive evaluation of
this approach, andthe Harshaw group felt that with further work it could prove a seri-
ousalternative to theaqueousdip process. Interestingly, adip bathof sodiumandcuprous
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bromides in ethylene glycol was found to give good but inconsistent results, which is

reminiscent of the effects seen by Clevite in examining CuBr aqueous dip processing.

In investigating the efficiency increases which could be obtained by changing the grid

application method, grids were applied by various electroplating processes, and by

attachment of electroformed grids. With the electroplated grids, it was found that

plating times had to be minimized to prevent water from the bath degrading the cell.

It was also found necessary to use a first-covering layer free from copper at the

start of grid deposition, since copper directly in contact with the barrier layer was

found to convert the barrier material to cupric sulfide, leading to lowVoc values. Using

cyanide-free plating solutions, permitting rapid deposition of grids to minimize plating

time, cells were made with efficiencies up to 5.3% for a 44 cm2 cell. The use of

electroplated grids was discontinued part way through the contract, and it was felt that

the higher-quality CdS layers available later would have permitted higher efficiencies

to be achieved with the electroplated grids.

Cell encapsulation was achieved using Mylar attached with nylon, which was changed

later to Mylar attached with epoxy. Increased stability was achieved in the latter

case, as shown by the Clevite work. After encapsulation, the substrates were thinned

from 2 mils to 0.3-0.5 mils by etching.

In operation of a pilot line, cells were made by vacuum deposition of CdS onto sand-

blasted Mo substrates. Following etching of the CdS layer with H2SO 4 or HC1, the

barrier was formed by aqueous cuprous ion dip followed by a heat treatment, and a

gold-plated electroformed copper mesh was then applied to the CdS surface by passing

the cell/grid combination between heated rollers. The Mylar or Kapton encapsulant

was finally applied, by lamination with nylon or epoxy adhesive. 800 (3" x 3") cells

were made, with average efficiencies around 4%, and a maximum efficiency of 4.5%.

Experimental cells made by this process gave a maximum efficiency of 7.1% for a

3.4 cm2 device. This then is the present state of the research at Harshaw and Clevite.

The Harshaw group has recently stopped working in this area, and the Clevite group

is making cells on a modest commercial scale, while continuing research on cell

fabrication and degradation (under NASA and USAF sponsorship) and mechanism of

operation (under USAF sponsorship).

Although most of the important practical aspects of the CdS thin-film cell have been

established by work in commercial laboratories in the U.S.A. (at Clevite, Harshaw,

NCR, and RCA), other workers have also made contributions to this field. The first

of these was of course D. C. Reynolds, whose pioneering work on single-crystal cells,

followed by the support he has provided through the contracts of the USAF with com-

mercial laboratories for research on thin-film cells, make him foremost in this field.

Dr. A. Potter of the NASA Lewis l_esearch _^-_,ber.. in mm_y respects _._- counterpart

of Reynolds at Wright-Patterson AFB, has also not only provided technical support for

the research contracts between NASA and industry, but has in addition made major
contributions to the field.
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In 1967, Potter advanced a cell model with the following major features (431, 432):
I

a. A p-type barrier layer of highly degenerate chalcoeite (orthorhombic cuprous

sulfide).
I

b. A band structure as shown in Figure 75, giving a barrier height of 0.85 eV.

C. Photoemission of electrons from the Cu2S valance band into the CdS conduc-

tion band over the 0.85 eV barrier giving the extrinsic red response.

d. Photoemission plus intrinsic CdS response accounting for the blue sensitivity.

e. The efficiency of photoemission being controlled by impurities in the CdS

layer in the junction region, with the occupancy of these impurity levels

variable by blue illumination, thus accounting for the effect of high-energy

bias light on the red response.

Ec

E v

I

I

I

DEGENERATE Cu2S

1.2eV I

2'4-+" I "6eV I

-I I
2.4eV i

Ev

p-TYPE n-TYPEcds I

Figure 75. Band structure for active junction of CdS cell, as proposed by Potter.

More recently, however, Potter has provided evidence and support for the "1067" cell

model of Shiozawa (433). This evidence included data on spectral response measure-

ments, showing particularly the effect of green bias light on red response. It was also

shown that R s for the cells is reduced by a factor of 100 by green illumination, and that

this also affects the value of the empirical constant A in the diode equation, as analyzed

by Shiozawa. Potter also pointed out that the photoconductivity of CdS is much impaired

by water, and this may be the origin of the degradation of CdS cells by moisture. It

appears that the dialogue between Potter and Shiozawa may suceed in unravelling the

mysteries of the CdS cell, and hence provide a major step forward in this research field.
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Since 1963 an independent testing program for CdS cells from industry production has

also been in operation under Spakowski, at the NASA Lewis Research Center and the

results were reported in 1966 (434, 435). Thermal cycling under vacuum was per-

formed with automated equipment simulating earth orbit conditions, with cell temper-

atures oscillating between -100°C and room temperature, and illumination by a xenon

arc sunlight simulator. The results showed that metal-substrate cells with electro-

formed grids attached by lamination with nylon failed within a few hundred cycles, by

developing short circuits. Cells on metal substrates with grids attached by conducting

epoxy failed by loss of adhesion between epoxy and grid (these were presumably cells

made by Clevite using silver-loaded epoxy, though this is not stated in the Technical

Note, reference (434)). Cells on metal substrates with electroplated grids success-

fully withstood 3400 thermal cycles, but the starting efficiencies were low (these were

presumably Harshaw cells, though again this was not stated). Cells on plastic sub-

strates with grids attached by nylon/Mylar encapsulation were found to be stable (one

cell successfully withstood 16,000 cycles between -85 to 61°C), but most of the cells

used were low-efficiency units, and the better efficiency cells were only cycled 2,200
times before termination of the test.

In moisture degradation experiments, cells with nylon adhesive showed extensive

degradation by increase of series resistance when exposed to humid environments,

the rate of degradation being proportional to the humidity. Cells which had degraded

to an output of 50% or more of the initial value could be restored by heating (presumably
to dry out the cells), but cells which had degraded to give less than 50% of their initial

output suffered irreversible changes. Cells encapsulated with Kapton polyimide de-

graded more rapidly than those with Mylar, because of more rapid permeation of

water through the former. However, tests run on later cell types with the encapsulant

attached with transparent epoxy successfully withstood storage for periods of up to 109

days under 66% relative humidity, indicating that this moisture degradation problem

has been largely solved.

Work has also been proceeding under Hui of RCA Astro-Electronics Division, at RCA

Laboratories. This has been supported mostly by internal funding during the period

1962-present, with primary emphasis being placed on the development of processes

which would enable cells to be made with in the form of integrated, series connected

arrays, formed as such during the cell fabrication. This would reduce the cost of

space power systems by eliminating most of the interconnections needed to build up

present type arrays.

The first results were obtained with backwall cells made on tin oxide coated glass

substrates, with two cells series connected (402). These exhibited low efficiencies

(1%), so that subsequent work during the period 1962-1964 was aimed primarily at

improving single-cell conversion efficieneies. The sought-for improvements were

obtained, the cell structure was changed to the front wall type, and in 1965 attention

was turned once again to array fabrication. Initial results were obtained with arrays

of cells made on plastic substrates, using electroformed grids attached during

encapsulation (436). Early efficiencies obtained were 5.1% under 86 mW. cm -2 sun-

light in a 2-cell array of 10.8 cm 2 total area, and 4.72% in a 4-cell array. Subse-

quent work was directed towards improved efficiency, achieving better process control,
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and developing processes suited for mechanizedproduction, like all-vacuum proces-
sing of the arrays. As part of the latter goal, recent work has been concernedwith
the replacement of the electro-formed gold grid with an evaporated-grid structure.
Progress has been madeto the point where vacuum-deposited gold grids have been
successfully applied to make 4-cell arrays of 16cm2 total area. Recent efficiencies
have been up to 5.3%under 86 mW.cm-2 sunlight on 16cm2, 4 cell arrays, with
average values near 5%, and 70%yield for arrays above4%. Best single cell effi-
ciency in these arrays was 6.6%. These efficiencies were similar to those achieved
on the pilot line of the Clevite group, but the work on array concepts is believed to be
unique. The implications of this rather different approach to CdScells will be further
discussed in the next chapter.

Remarkably little work on thin-film CdScells appears to have beendonein countries
other than the USA. In 1966, Balkanski and Chone (of French government research
laboratories) discussed their results on photoconductivity and the photovoltaic effect
in thin-film CdSdevices (438). The CdSlayers of 20 _tm thickness were deposited on
aluminum electrodes onglass, on aluminum foil, and on plastic (Kaptonpolyimide)
metallized with gold or aluminum, by evaporation under vacuum. The barriers were
formed by vacuum deposition of a thin (semitransparent) layer of copper, followed by
vacuum deposition of a copper or gold grid pattern and by a heating cycle to 300°C.
An aqueouschloride ion solution was then applied, followed by a secondheating cycle.
The resulting cells showedoverall conversion efficiencies of 1.1%, or net efficiencies
of 1.45% (subtracting the area of the cell covered by grid lines; actual cell areas were
not reported). The I-V curves showedclear evidence of Rs degrading the cell perfor-
mance.

In 1967, Bujatti of the Institute of Physical Optics in Zagreb, Yugoslavia, reported
work on an investigation of the barrier height at a metal-insulating CdS junction (439).
Although the work did not involve CdSsolar cells, the use of evaporated CdSlayers
with photovoltaic metal contacts indicates the potential to develop such cells in an
East European country.

In 1967, Te Velde of Philips Laboratories, Eindhoven, reported results obtained with
thin-film CdScells madeby wholly different techniques (440). The basic concept
underlying these cells had been described earlier by others (see the sections on silicon
cells made of spheres, IV-B-3-a, and on GaAsthin-film cells, IV-D-4). This in-
volved embeddinggrains of CdSin a plastic binder, to form a layer of CdSon a plastic
film. The grains were treated to form a surface barrier before embedding, and the
immersion in the plastic was only partial, so that the exposed surface of the CdScould
be etched to allow contact to be made to the bulk of each grain. Efficiencies exceeding
0.5%were not obtained, and further work using this approach is apparently not planned.

This completes the accountof the work on CdSthin film cells up to the present time.
The field has beenoneof the most fruitful areas of cell research, and the successes
which have beenachievedindicate that commercial production and utilization of these
cells may not be far away. However, someproblems have not beenwholly solved,
and an evaluation of the work which has been donein the past, and its implications for
the future, will be presented in Chapter V.
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3. CadmiumTelluride

Theoretical calculations showing the dependence of conversion efficiency on semi-

conductor bandgap, such as that of Loferski (185), indicated that cadmium telluride

should be a suitable material for solar cell fabrication. This prompted work on single-

crystal CdTe cells, as described in section IV-C-5 above, starting in 1955.

In 1960, the General Electric Research Laboratories studied a number of possible

ways of making unconventional solar cells, under contract with the USAF (441). One

of the main areas of investigation during this work was an examination of the feasi-

bility of making polycrystalline thin films of CdTe suitable for solar cells. Methods

were developed for making low-resistivity thin films of both n- and p-type CdTe, and

the electrical and optical properties of these layers were measured.

It was found that although CdTe layers could be obtained by conventional vacuum

evaporation of the compound, suitable crystallinity in the deposited layers could be ob-
tained only if the substrate temperature was maintained at about 600 ° C. When a con-

ventional bell-jar evaporator was used, re-evaporation of CdTe from the substrate onto

the cold walls of the vacuum system prevented suitable films from being obtained. It

was found, however, that if a vacuum enclosure with heated walls was used, this prob-

lem was circumvented, and deposition rates of 20 t_m. min -1 could be obtained with

a CdTe source temperature of 1600 ° K. Conductivity type for the deposited layer was

controlled by co-evaporation of either In (for n-type) or Cu (for p-type).

An alternative to the vacuum evaporation of the compound was also investigated during

this exploratory work, and was developed further during subsequent contracts. CdTe

was deposited by co-evaporation of cadmium and tellurium, the vapors reacting on the
heated substrate to form CdTe. This process also used an evacuated reaction chamber.

Substrates used included quartz, various glasses, mica, sapphire, molybdenum and

tantalum. Of the insulating materials, sapphire proved the best (good adhesion between

substrate and CdTe being the criterion). Both molybdenum and tantalum were found to

be also satisfactory.

Crystallographic studies and luminescence emission spectra studies were made on

single-crystal CdTe. An important point also established during these studies was

that the optical absorption constant in CdTe rises sharply beyond the absorption edge,

indicating a direct optical transition process (see Figure 66). Thus adequate optical

absorption for high conversion efficiency should be obtained in a thin layer of CdTe,

as discussed in the introductory paragraph of this section (IV-D-1 above).

_Oxx_L,ZLln_r nn_t.hod_ w_v-p d_xr_Iop_H f_-r" fh_ _r]T_ £{1_, using _,,_.÷_A ^.1 Ag, ,,r

Cu for p-type material, and, for n-type material evaporated In followed by a 350°C

heat treatment.
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The fabrication of p-n junctions was attemptedby sequential deposition of n- andp-type
films, but it was found that high-resistivity layers were obtained, presumably because
at the 600° C substrate temperature diffusion of dopantsbetweenadjacent layers oc-
curred to a sufficient degree to cause compensation. The diffusion of copper into an
n-type film from a vacuum-depositedcopper film, to form a p-type region adjacent to
the CdTe surface, resulted in an indication of rectifying action, thoughthe junction
wasnot of goodquality.

In the space of less than a year, then, the feasibility of thin-film CdTe cells was
demonstrated. The most significant point established during this early work was the
experimental ability to make films of both n- and p-type conductivity at will, with
reasonable conductivities. This is most unusual, the normal case being that even if
a semiconductor canbe made with controlled conductivity type in single-crystal form,
thin films of the samematerial showa strong preference for one conductivity type,
andthe impurity concentration which must be introduced to over-compensate this
preference is enoughto appreciably degrade the semiconductor properties.

This encouraging initial work was immediately followed up by a program of research
fundedby the USAF. This program is still continuing, andthe time spansof the var-
ious contracts are indicated in diagrammatic form in Table XX. During 1961and early
1962, sufficient progress was made to allow operating solar cells to be made on single-
crystal andpolycrystalline CdTe cells (442).

The thin-film cells were made onboth glass andmetal substrates at this time. The
glass substrates were coated with CdSto provide contact to the CdTe layer, but the
metal substrates used (including molybdenum, zirconium, andtitanium) formed an
ohmic contact directly to the CdTe. The CdTe layers were about 10_ m thick, and
were deposited by reactive deposition of cadmium and tellurium vapors in the equip-
ment showndiagrammatically in Figure 76. A mixture of dried cadmium and cadmium
iodide was fed into thehot zone of the furnace downone feed tube, and tellurium powder
was fed through the other tube. Thesecomponentsvaporized, the vapors reacting to
form CdTe dopedwith iodine, which was deposited on the substrate andneighboring
regions of the reaction vessel. A rough vacuum, (about 10 _m) was held in the reaction
chamber during deposition, which took about 30 minutes. The iodine doping produced
n-type conductivity, with most films having a resistivity of about 10-1000 Ohm-cm.,
thoughit was found that lower resistivities could be obtained if additional gallium dopant
was added, or if thefilms were quenchedrapidly at the end of deposition.

It was found to be very advantageous(on the criterion of cell efficiency} to form a sur-
face region with a lower n-type doping or even a light p-type doping by changingthe
film growth conditions towards the end of the growth period. This was done either by
adding a p-type dopantsuch as copper chloride or arsenic to the powder mix introduced
at the end of the run, eliminating the n-type dopant, or increasing the proportion of
tellurium.
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The active barrier was then formed by dipping the CdTe film into a warm aqueous
cuprous ion solution for a few seconds. This was found to form a thin surface layer of
Cu2Te, which was identified by electron d_ffraction measurements. The Cu2Te barrier
layer thickness was p-type, about 50-100A thick in the better cells, with a sheet re-
sistance in the I00 ohmsper square region, and a mobility of about 1 cm2V-1 sec-1.

Contact to the barrier layer wasmade using electroformed gold or nickel meshes
attachedwith pressure sensitive cellophane tape. Attempts to deposit grids by vac-
uum evaporation or by electroplating led to cells with lower efficiencies. The com-
pleted cell structure was as shownin Figure 77. Single-crystal cells were made using
similar barrier-formation processes.

Spectral response studies of the completed cells showedthat the devices exhibited only
the expectedintrinsic response characteristic of the CdTe bandgap, with a sharp rise
in Isc at 8250A, as shownin Figure 78.

I-V curve measurements under illumination indicated that conversion efficiencies of
up to 6%under 87 mW cm-2 . sunlight could be obtainedwith cells of small area (less
than 1 cm2). However, the efficiencies quotedwere on an active or net area basis,
i. e., they did not accountfor the cell area covered by grid lines. Voc values were
around 0.5V for film cells, with Isc densities of up to 17 mA. cm-2 and F values of
0.45-0.60. Electrical measurements were made over a range of temperatures and
illumination intensities, the results being generally as would be expected, but with
Voc values going to 1.0 V for single-crystal cells at low temperature indicating the
existence of a barrier height of at least 1.0 eV.

The cell was taken to be a heterojunction device, betweenn-type CdTe and p-type
Cu2Te. However, the Cu2Te was believed to be degenerate, so that the depletion
region existed almost wholly in the CdTe, while the Cu2Te behavedessentially as a
metal. The junction could therefore be alternatively viewed as a metal-semiconductor
contact, with an inversion layer in the CdTe providing the barrier region field, and
the Cu2Te giving anohmic contact to the p-CdTe surface layer. The proposed band
structure was as shownin Figure 79.

A cell degradation problem also made itself manifest at this time, a 10-20%loss in
efficiency being seenover a period of some two or three months even in the most stable
cells. There was some indication that degradation was enhancedby the presence of
water vapor, but otherwise little was known about the effect.

Progress was maintained during the period 1962-1964, under USAF funding (443-445,
413). Cells made during the later part of this period were all on molybdenum sub-
strates, andfew changeswere made in the structure during this period. The resis-
tance between the substrate and the CdTe was reduced by coating the molybdenum with
a thin layer of CdSat the start of the CdTe deposition process. Alternatives were
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sought for the collector grid, to replace the pressed metal mesh attached with cello-

phane tape. Vacuum deposited gold was found satisfactory for this. A "comb" struc-

ture of gold with a film thickness of 1-2 _m, and a busbar of molybdenum ribbon

running along the center of the cell, were used. This enabled cells to be made about

1 inch wide without the gold grid line resistance noticeably degrading the cell perform-

ance.

A major effort was made to improve film uniformity (both in thickness and electrical

quality) by modifying the vapor reaction furnace used for the CdTe deposition. The

principle of the method, and the materials and procedures used, remained substan-

tially as already described, however. The equipment modifications allowed uniform

films to be made on molybdenum substrates with areas up to 56 cm 2, giving cells

with gridded areas of 52.5 cm 2.

The barrier formation methods remained as described above, with a graded resistivity

region formed by programmed doping of the last portion of CdTe film growth, followed

by dip treatment in CuC12 solution. The control over the graded conductivity region
was improved so that the width of this region (and hence that of the junction depletion

region) could be varied. It was found that the spectral response of the cells could be

changed by altering the depletion region width, cells with a narrow depletion region
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responding less to red light (which would be absorbed further away from the active

junction) than cells with a wider depletion region. This showed that the high collection

efficiencies measured in the more efficient cells probably arose because almost all

optical absorption took place in the depletion (high-field) region of the cells. However,

it was also found that if an attempt was made to make this depletion region too wide,

then a reduced collection efficiency was obtained. This was thought to be due to the

formation of a relatively field-free, uniformly doped, p-type conductivity region at

the cell surface, the minority carrier diffusion length in this region being small, so

that collection of minority carriers generated in this region would not be efficient.

With the process control improvements made during this phase of the project, device

quality improved so that by the end of 1964 a cell was made with the following

performance:

2
Area: (Total) 56 cm

2
(Gridded) 52.5 cm

Weight:

I :
SC

V :
OC

Efficiency:

1.44 gms (including leads

774 mA (14. 7 mA. cm-_

0.511 V

4. 88% (gridded area)

4.58% (total area)

-2
under 85 mW. cm

sunlight

The standard cell design at this time was a cell with overall dimensions 2" x 4", and

with two collector grids and contacts applied as shown in Figure 80.

Various encapsulant materials were tried, with the objectives of providing mechanical

protection, reducing optical reflection, and preventing moisture degradation. Two

classes of materials were used; inorganic insulators (especially SiO2) , and organic
polymers. Silica deposited by rf plasma sputtering was found to give the best mois-

ture protection (as determined from stability measurements), but its deposition was

found to degrade the cell performance by a factor of 2 to 3. Although about a half of

this loss could be recovered by simply storing the cells, the final efficiencies seen

were generally only around 3%. Of the organics, "Krylon" 19 was found to give the

best moisture protection, and cell performance was improved through a 10-12% gain

in Isc resulting from reduction of optical reflection as the result of its application. This

was considered the best available coating material, but it was recognized that it was not

19 "Krylon" is a solution of a mixture of polymers of acrylic and methacrylic acids,

and of acrylonitrile.
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A two-by four-inch thin-film CdTe solar cell on

molybdenum substrate, circa 1964.

ideal, particularly since it would darken under UV irradiation, and did not provide com-

plete moisture protection. A surprising result of this testing was that the various

formulations of glass polymers and silicones were found to be quite unsuitable for

cell encapsulation, the glass polymers failing on thermal-cycling to low temperatures,

and the silicones providing very little moisture protection.

Radiation resistance measurements were made on a limited scale. The results

showed that 60Co radiation to a dose of 1.6 x 1017 Rad, and 2 x 1014 5 MeV electrons

cm -2, produced no measurable degradation. 7 X 10 13 2.4 MeV protons cm -2 pro-

duced an average Isc loss of 15.4%, although the results were very variable. It would

be expected that these cells would_be comparatively resistant to radiation, since the

minority carriers seem to be created in a narrow region with a high field, and hence

do not depend on long diffusion lengths for efficient collection. The experimental re-

sults supported this belief to a limited degree, although the variability of the proton

irradiation results indicated a lack of uniformity in the cells which might be considered

potentially troublesome.

26O



I

,I

I

I
I

I

I
I

I
I

I

I

I
I

I

I

I

During the period 1962-1965, a group at Harshaw Laboratories, led by Heyerdahl,

also worked in the area of thin-film CdTe cells (446). Although this project ran for

three years, it was only in the last year that attention was focused exclusively on

CdTe. Various methods were used for forming the CdTe layers, including vacuum

evaporation of the compound, vacuum evaporation of the separate constituents to re-

act on a heated substrate, and vapor transport from the compound. The best results

were obtained with the second of these, and most of the cells were made by this

technique. However, variable and non-uniform electrical properties were obtained in

the resulting films, and it appears that adequate process control was not achieved.

The substrates used were molybdenum, and it was found that adequately low contact

resistance between substrate and CdTe could be obtained only by the use of an inter-

mediate layer. Various metals were tried for this layer, all of which gave inadequate

CdTe adhesion. However, In2Te 3 formed by coevaporation of In and Te was found to

give adequate electrical and mechanical results, and this was used as a substrate pre-
coat throughout the third year, when most of the cells were made.

Barriers were made by the cuprous ion dip process (as for the GE cells), and various

studies were made to determine the details of this reaction and its products. Contact

to the barrier layer was by pressed gold mesh.

However, good cell efficiencies were apparently never obtained during this work. The

final report gives no details of efficiency measurements, but the I-V curves given for

small-area (1 to 2 cm 2) cells indicate values below 1%. Low values of all cell param-

eters (Voc, Isc , and F) were indicated, and it appears that these disappointing results

were largely due to a lack of control of the CdTe film deposition process.

Work at GE continued during 1965, 1966 and 1967 with USAF funding (447-449). During

this period, major emphasis was placed on producing quantities of cells sufficient for

array fabrication and large-scale testing, in addition to the experimental work aimed

at increasing cell efficiency and stability. With the former objective in mind, a pilot

production facility was established at GE Semiconductor Products Department at

Lynchburg, Virginia, while the experimental work continued to be pursued at GE

Research and Development Center, Schenectady, N.Y., and at the Electronics Labor-

atory, Syracuse, N.Y.

Experimental work aimed at developing more efficient and stable cells included:

a. The investigation of single-crystal CdTe cells made with dopants other

than copper: As, Sb, P, and Bi were used. Although working cells were

made with As and Sb, it was not found that better thin-film cells could be

made this way, and the cell manufacture continued to use the cuprous

ion dip process.
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b. Various alternatives to the use of heavily-doped CdS as a substrate precoat

to give low substrate/CdTe contact resistance were tried, with variable

results. A precoat of vacuum-deposited copper was found to be effective,

improving CdTe layer quality and increasing both Voc and Isc to give an

efficiency improvement of 20%. Some cells with even higher efficiencies

were obtained with molybdenum substrates treated with AgNO 3 solution to

give a silver coating, but the results in this case were patchy. Although

the most efficient thin-film cell made was obtained on a AgNO3-treated
substrate (6% efficiency in a 1.8 cm 2 cell), the results were not sufficiently

reproducible, especially when applied to the larger-area (1" x 4") pro-

duction-type cells, which continued to use the CdS substrate precoat at this

time. However, a cost reduction in this latter process was obtained by re-

placing Ga doping of the CdS with CdC12 doping, to produce the necessary

low resistivity.

Attempts were made to increase Isc without reducing Voc by making cells of

Cdl_xHgxTe alloy. These attempts were not successful, and neither was a similar
idea, the inclusion of Sb in the films to give impurity absorption of the unused low-

energy photons below the CdTe band edge.

In many ways, the most pressing problem at this time appeared to be again that of cell

stability. Hence a major effort was made to develop a cell coating technique which

would prevent moisture penetration. Inorganic coatings were studied, particularly

SiO, SiO2, TiO 2, and A12 O 3. Much the most promising results were obtained with

A1203, which was deposited on the cells by vacuum evaporation usinfi an electron-
beam heated boule of sapphire as the evaporant source. About 1500A min -1 deposi-

tion rates were obtained, and a film thickness of about 1500._ was used, to provide

cells with a quarter-wavelength antireflection coating giving a deep blue coloration.

Efficiency improvements of up to 20% were achieved, arising from Isc increasing with
the reduction of optical reflection. However, special care had to be taken to avoid the

rise of the cell temperature above 120 ° C; as with the earlier experience with SiO 2
coatings, this cell heating problem resulted from high source temperatures needed to

evaporate these inorganic coating materials. However, cell temperatures above

100 ° C were found to aid in obtaining an alumina layer which would give a moisture-
resistant cell.

The pilot line production facility established at Lynchburg started operation with the

process steps developed earlier by the laboratories:

a. 1 or 2 rail thick Mo substrates were coated with 0.5-1.0 _tm of high-

conductivity n-type CdS, made by introducing Cd powder and H2S into the
same reactor vessel as was used for CdTe layer growth. Later in this

contract, a thin layer of copper was substituted for the CdS.
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Do CdTe films 10 _m thick, n-type, were deposited using the reactive vacuum

deposition process with elemental Cd and Te, and CdI 2 (dopant), as starting
materials. The top 2 _ m (approximately) of the deposited layer was graded

in doping by adding CuC1 to the evaporant in the last stages of CdTe layer
growth.

c. Barrier formation was accomplished by dipping in CuC1 solution at 85 ° C for

18 see, forming a Cu2Te layer.

d. Barrier layer contact was made either by vacuum deposited Au grid (for the

large-area cells) or with Ni mesh applied with transparent tape (for small-
area test cells).

The standard production cells were 1" x 4", giving a 25 cm 2 nominal cell area, and ef-

ficiencies were 3.5% initially, increasing to 4-5% by early 1967.

During late 1966 and early 1967, processes for the fabrication of an integrated array
of CdTe cells were developed. The approach involved attaching molybdenum sub-

strates, after completion of the high-temperature processing, i.e., the CdTe film

grown, to Kapton plastic film, and then using a sequence of etching and metallization

steps to isolate cell segments and provide all cell electrical connections simultaneously.

Efficiencies of about 3% were achieved by early 1967 using this approach, the arrays

consisting of six cells series connected to give a total area of 8.75 cm -2. In addition,

deployable arrays fabricated with standard (1" x 4") cells were demonstrated, but this
work will not be described here.

Cell stability continued to be an active area of investigation, and variable results were

obtained. Extended shelf life testing showed low degradation rates in some cells, the

Isc dropping at a ,'ate of 0.36% per month. This test was made on cells with Krylon

coatings, stored for 32 months under laboratory ambient conditions. In addition, a

small number of cells were made with the Cu2Te barrier layer replaced with a semi-

transparent platinum film. These cells showed efficiencies up to 4%, and gave indi-
cations of being stable even at 125 ° C.

The GE work is continuing, still with USAF funding (450). The latest contract, under

which work started in early 1967, has as one of its primary objectives the reduction

of cell mass, to a value of 0.02 lb. ft -2. This has necessitated the investigation of

lightweight substrates and the use of CdTe layers 5 _m or less in thickness, in place

of the previously used 10 _ m. Substrates investigated have been thinner molybdenum

(0.5 mil versus the previous of 1.0 rail), titanium, and aluminum. While the aluminum

is good from the mass and availability viewpoints, it has a coefficient of thermal ex-

pansion greatly mismatching that of CdTe, which may lead to problems of cell stability

and mechanical integrity on temperature cycling. In addition, it has not been found

possible to make cells with good efficiencies on this substrate material. The reason

for this latter problem has not been stated, but the achievement of low-resistance ohmic

contact between aluminum and CdTe is likely to be a problem. With titanium substrates,
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reasonable cell efficiencies have beenobtained, but adhesionbetweenCdTe and sub-
strate has beenpoor. Thin molybdenumfoil has given the best results so far, the thin-
nest commercially available foil (0.5 rail) having beenused as starting material for
reduction to 0.2-0.3 mil thickness by chemical etching. By using these thin Mo foil
substrates, together with thinner CdTe layers and evaporated grids, specific masses
as low as 0. 022lb ft -2 were achieved in mid-1967, for small-area (6.5 cm2} cells.
Although the efficiencies of these cells were not as high as those obtained earlier with
thicker CdTe layers (maximum of 3.6%), cell power-to-weight ratios of 140W.lb -1
were achieved.

Reduction of the CdTe film thickness was found to result in the diode characteristics
of the cells having a "leaky" reverse characteristic, and correspondingly low efficiency.
However, it was foundthat this effect was strongly dependenton the substrate prepara-
tion process, leading to the belief that the problem could be solved by the development
of a suitable substrate treatment. In addition, it was found that the reverse leakage
could be largely eliminated, and the efficiency correspondingly improved, by reverse
biasing the cells for a period of about an hour. However, this process has beenfound
to beapplicable only to cells with mesh grids (not vacutun-deposited grids), and to give
cells which degradeto the original leaky state on storage.

Various process improvements have beeninvestigated including the developmentof an
improved CdTedeposition system and the use of a phosphorous-dopedsurface layer
in place of the Cu2Telayer to provide the active CdTe junction; however, the P-doped
cells did not showphotovoltages. The new deposition system has involved the con-
struction of a new type of reactor chamber, in which a single powder feed is used, the
powder being a mixture of elemental Cd and Te. This process was investigated by
Cusanoin 1964, and rejected at that time becauseit was found that the compoundCdTe
was formed before volatilization of the components, and the reactor was not at a suf-
ficiently high temperature to evaporate the CdTe once it was formed. However, new
work will use a higher vaporization chamber temperature. In addition, a rotating sub-
strate holder will be employed, which, it is hoped, will lead to more uniform electrical
properties and thickness in the CdTe films.

Still more tests on coating materials have beenrun recently, with the conclusion that
the Krylon coating first used in 1964is still the best available encapsulant. Life
tests in which cells were operated under low vacuum (5 _m pressure) with tungsten
illumination showedthat normal cells underwent a degradation of efficiency to 34%of
initial output after 95days. However, cells which hadbeen subjected to a 90°C/4 hours
post-fabrication heat treatment showed less degrad_ation(to 53% of initial output).
Various other process variations, including substrate precoat and junction formation
steps, are beingevaluated in an effort to improve the stability. Although the condi-
tions of the test are fairly rigorous, they are representative of what is to be expected
in space operation of cells, and the amount of degradation seen must continue to be a
worrisome aspect of CdTe thin-film cells' performance. This will no doubt be a major
area of effort in the continuingwork at GE.
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Russian work on CdTe thin-film cells was reported by Landsman and Tykvenko in a

paper submitted in early 1965 (451). This appears to have been principally an effort

to duplicate the work of the GE group, since the CdTe layer deposition process and

the barrier formation method were identical with those published by Cusano. The I-V

characteristic given in the Russian report shows a fill-factor of 0.25 (i. e., a linear

characteristic), thus Rs was severely limiting the performance of the cells. How-

ever, the family of characteristics shown for different illumination intensities indi-

cates R s decreasing linearly with intensity, implying a photoconductive effect which

has apparently not been reported by Western workers. It is stated that 3.5-4.0%
effieiencies have been achieved in the Russian work, for 1 em 2 cells, with fill factors

of 0.5-0.65, but the I-Vcurve for one of these better cells was not shown. Further

reports of Russian work in this field have not been found.

French workers have recently shown an interest in CdTe thin-film cells. Rodot's

group at C. N. R.S. reported results obtained with devices similar to those of Cusano,

in 1966 (452). The cells were made by vacuum deposition of CdTe, starting from

the compound, on aluminum-coated substrates (the substrate base material was not

reported). The CdTe base layer was In-doped n-type, and a thin layer (1 _zm) of

high-resistivity CdTe was vacuum-deposited on its surface. This was followed by a

film of Cu2Te (100A), also deposited by vacuum evaporation, and finally by an

evaporated copper grid. A heating cycle (250 ° C/30 min. ) was found to improve cell

performance by increasing Isc and reducing leakage conduction. This heating step

presumably forms a graded impurity concentration through the high-resistivity

CdTe layer region, to give a band structure similar to that proposed by Cusano and

illustrated in Figure 79. The French group reported diode characteristics, spectral

response, and capacitance-voltage measurements, all of which could be analyzed in

terms of the proposed band structure. Although single-crystal cells prepared with

these barrier formation steps showed efficiencies up to 5%, the thin-film cells were

all below 1% efficient because of high series resistance.

Piaget, also working at a French government laboratory, reported a method for form-

ing CdTe layers which would be applicable to CdTe solar cells (453). This involved

an iodide transport reaction:

2 CdTe + 12 _ 2 CdI + Te 2

2 CdI + 1/2 Te 2 _---CdTe + CdI 2

previously described by Alferov (345). Whereas the Russian work was done in am-

poules sealed under vacuum, Piaget used an ambient of hydrogen or a noble gas at

atmospheric pressure. Photovoltaic cells were made from CdTe layers deposited by

this process onto molybdenum substrates, using a vacuum deposited Cu2Te barrier
layer, and gold grids. These showed efficiencies up to about 1%, being limited in

performance by high R s values.
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In 1967, Rodot reviewed work on CdTe thin-film cells (454), and discussed the mechan-
ism and bandstructure of the cells. He concludedthat they could contain either a
p-Cu2Te/n-CdTe heterojunction, or a p-CdTe/n-CdTe homojunction with Cu2Te making
ohmic contact to the p-CdTe, dependingon the conditions of cell preparation. TMs
conclusion is very much in agreement with the results of the GE group in considering
this question.

! !

Further French work in CdTe thin-film cells was done at the laboratories of Societe
t !

Anonyme de Telecommunications et la Radiotechnique, and reported in 1966 (455).

The cells were made on CdTe films deposited by the GE method, also on CdS-coated

Mo substrates. However, barrier formation was tried not only by the cuprous-

solution dip process, but also by the vacuum-deposition of Cu2Te. Most cells were in

fact made by the latter process, and gave efficiencies up to 3%, with Voc = 0.4 - 0.5 V,

and Isc = 7 mA cm -2, under 50 mW cm -2 sunlight. This low illumination intensity

would reduce the effects of series resistance, but the results obtained indicate that the

vacuum deposition of Cu2Te is a usable alternative to the dip process. Results of this
group were also quoted by Rodot, who indicated that cells of 36 cm 2 area had been

made with efficiencies up to 4%, by using flash evaporation to form the Cu2Te layer.
Further reports of progress by this group have not been found.

This completes the historical account on CdTe thin-film cell development. The GE

groups have been providing by far the largest effort in this field, and the degree of

their success in solving the stability problem and improving the conversion efficiency,

can be expected to determine whether or not this type of cell will find application in
the future.

4. Gallium Arsenide

As far as can be determined, the only work in the U.S. aimed at developing thin-

film GaAs solar cells was done at RCA Laboratories under P. Rappaport, during the

period October 1962-August 1967. Two projects were supported by research contracts

with the NASA and USAF, and the chronology of these is indicated in Table XX.

The initial impetus to investigate this type of cell arose from three factors:

a. The work of Loferski had shown that the band gap of GaAs matched well

with the solar spectrum, so that the potential efficiency of such a cell was

high.

b. GaAs was known to exhibit a large optical absorption constant for photons

with energy exceeding Eg, i.e., it was known to be a direct bandgap
conductor, and it should therefore be suitable for thin-film cell use.

c. Methods for making thin layers of GaAs had been developed to the point

where they could be applied to the fabrication of experimental cells.
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In fact, however, the available methods for growing the GaAs films were not easy to

control, and investigations aimed at learning about these processes were the primary

interest during the early work (456} carried out under NASA funding.

Various GaAs layer growth processes were evaluated initially, including transport

by thermal gradient in a sealed tube, growth from solution in Ga liquid, halide and

hydrogen vapor transport, and oxide transport. The latter proved the best, and was

used extensively in all subsequent work. The process was known to involve a reversible
chemical reaction:

2 GaAs + H20 _ Ga20 + H 2 + As 2

The Ga20 and As 2 were volatile at the source temperature (about 750 _ C), and the
reverse reaction occurred on the substrate (700 ° C). The GaAs source was a wafer

of single-crystal or polycrystalline GaAs, and the process was usually run with the

source parallel to the substrate, spaced from it by a few millimeters. The source

wafer was maintained at a higher temperature than the substrate, the forward re-

action in the equation being favored by higher temperatures. The furnace ambient was

hydrogen, to which a small proportion of water vapor was added to supply oxygen and

thus act as transport agent in the reaction. It was found that control of the GaAs layer

conductivity type could be obtained by using source GaAs with an appropriate dopant,

together with controlled operating temperatures and water vapor (oxygen} concentration,

although n-type material was easier to obtain than p-type.

GaAs layers were grown on tungsten, molybdenum, and quartz substrates with various

pretreatments (coatings of germanium, manganese, or aluminum} to increase the

nucleation site density. The best thermal expansion match was obtained with molyb-

denum, which remained in general use for much of the subsequent work.

Initially, cells were made by growing GaAs layers with change of conductivity type

(both n-on-p and p-on-n cells were made) and photovoltaic action was observed in these

structures, though the junctions were of poor quality. Diffusion methods for forming

the junction were also studied, but it was found that leakage along the grain boundaries

in polycrystalline material caused both the diffused-junction and grown-junction char-

acteristics to be poor. Hence alternative cell types were investigated.

One of the available alternatives was the use of a surface barrier in place of the p-n

junction to form the active region. (An account of the rectifying action of this type of

surface barrier has been given in Sections II-C, and III-D-2 above). The surface

barrier material would have to provide optical transmission for the majority of in-

cident photons in the response range of the cell, as well as being electrically conductive.

In addition, it would have to interact with the GaAs surface in such a way as to give the

required band structure, as shown in Figure 21. The barrier material could either

be a metal which formed a set of surface states leading to the formation of an inversion
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layer by the processesdiscussed by Bardeen, or it could be a p-type semiconductor
which would form a heterojunction with the n-type GaAs. In the latter case, the band
structure would be as shownin Figure 81 if the p-type semiconductor were degener-
ate, as it has beenin practice in thin-film cells. Onenotes also that the barrier
layer material shouldbe chosento give surface states leading to the maximum value
of EB (in principle this could beEg at the most), since this determines Voc for a
cell made this way.

Barrier layer materials investigated included vacuum-deposited copper, Cu2S, and
ZnTe, as well as layers of CuI, Cu2S, Cu2Se, Cu2Te, NiS, and CdS formed by
electrodeposition of the metal followed by chemical reaction with a vapor or solution
of the iodine or chalcogento give the compound. The results of these experiments are
summarized in Table VI. By late 1963, cell efficiencies of 1.4% had beenobtained
in devices of 6 x 10-2 cm2 area, with copper or Cu2S barriers.

A novel cell structure was also investigated during early phases of the work. This
was based on an aluminum substrate into one surface of which a layer of fine GaAs
particles was impressed. The soft aluminum surface held the GaAs, and the re-
maining exposedsurface of the substrate, in the interstices betweenthe particles, was
anodizedto provide electrical isolation. Application of a barrier to the exposedsurface

0RADIATION D,.

ELECTRICAL

CONTACT TO _ BARRIER Go'As
BARRIER LAYER LAYER BASE

MATERIAL

_"_"_ -EB EC

_E,

t J
v"

INVERSION
LAYER

Figure 81. Cross-section and band structure of the active region formed

by a barrier-layer contact to a semiconductor surface.
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TABLE VI. SUMMARY OF RESULTS WITH VARIOUS BARRIER-FORMING

MATERIALS ON GaAs

I Material Fabrication Method Result

Cu

Ag

A1

Cul

Cu2S

Cu2Sc

Cu 2Tc

CdS

ZnTe

In203

Bi203

MoO 3

NiO

PbO

NiS

SnS

Cu3P

SnO

NiS

Elcctrodcpositcd on polycrystalline GaAs

Electrodepositcd on polycrystallinc GaAs

Vacuum evaporated

Elcctrodeposited Cu, exposed to I vapor,

on single-crystal GaAs

Elcctrodcposited Cu, reacted with H2S

or S in CS 2, or vacuum evaporated

Elcctrodcpositcd Cu, reacted with Se in

benzene, or vacuum

Elcctrodeposited TeBr 4 reacted with

CuSO4, also vacuum evaporated

Electrodcpositcd Cd exposed to H2S or

anodized in (NH4)2S soln. , on single-
crystal GaAs

Vacuum deposited with Cu dopant on

GaAs single crystal

InCl3 sprayed onto substratc at 350 °C

High leakage and high series resistance

Low photorcsponsc

Low photoresponse

Voc = 0.79V, sheet resistance increases
with time

Voc - 0.6V, sheet conductivity-trans-

mission product low

Voe = 0.75, stable film

Voc = 0.6V, high sheet resistance,

high shunt conductance

No photovoltage on n-type GaAs

Voc : 0.43V

Transparent films, sheet resistance
in air

Vacuum evaporated

Vacuum evaporated

Decomposed on evaporation

Decomposed on evaporation

Decomposed on evaporation

Vacuum evaporated

Vacuum evaporated

Elcctrodcposited Ni reacted with

H2S, on crystal GaAs

100 l_l sq -1, ohmic contact

Voc =0.15V

Sheet resistance > 108 _ sq -1

Sheet resistance 107 _ sq -1

small photovoltagc

Voc = 0.4V

Low photorcsponsc

Voc - 0.35V

I

I
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of the GaAs particles would thencreate a cell in the desired thin-layer geometry. (The
entire approach closely resembles that investigated at Hoffman Electronics for the fab-
rication of large-area solar cells using silicon spheres.) Initial evaluation of the elec-
trical characteristics of GaAs pressed into aluminum foil indicated that a high contact
resistance existed: pre-coating the foil might have eliminated this problem. However,
the packing density of the particles on the substrate could not be expectedever to ex-
ceed 70%of area utilization, so that when more promising approachesto cell fabrica-
tion appeared, this work was discontinued.

A parallel USAF-fundedproject also was running at this time at RCA, and a portion
of the effort under this contract was directed towards investigating GaAs thin-film
cells (322). The greater part of this work was directed towards making epitaxial
layers of GaAs onsingle-crystal Ge substrates, this being a possible cost-cutting
method, since it would avoid the necessity for using single-crystal GaAs wafers in
making GaAs cells° To obtain an ohmic Ge/GaAs contact, it was found necessary to
use Ge with very low resistivity (2 x 10-3 ohm-cmo), and 20 mil thick n-type wafers
were found to provide the best results. Onto these substrates, n-type GaAs films
2-4 mils thick were grown. Various GaAs growth processes were used, based on
vapor transport in a hydrogen gas stream from a GaAs source, or reactive transport
using separate Gaand As sources with hydrogen or bromine as the carrier gas: the
reader is referred to the original reports for process details.

Junctions were formed either by Zn diffusion using methods developedunder the RCA
single-crystal GaAs solar cells program (see Section IV-C-1 above), or by growing
successive n- andp-type layers by changingthe dopantduring film growth. After
junction formation, a surface etching process was used to reduce the surface region
thickness, again a step developedduring the single-crystal GaAs cells work.

The performance of the best thin-film GaAs cell is compared in Table VII with that
of a bulk GaAs single-crystal cell made simultaneously. This simultaneously pre-
pared single-crystal cell acted as a control with respect to the influence of process
parameters (suchas active junction formation) which were common to both types of
cell.

The degrading effect of Rs on the fill-factor is particularly apparent, and Voc is also
noticeably poorer in the thin-film cell.

Further work on the formation of thin-film GaAs cells on Ge substrates appears to
have not beendone. Although methods for the growth of epitaxial GaAs layers have
made major advancesin recent years (458), these high-quality processing techniques
require exacting control, and cells made in this way appear unlikely to become
cost-competitive with the present Si solar cells. In the particular case of these thin-
film GaAs cells madeon single-crystal Ge substrates, the major advantagesof thin-
film cells (elimination of the crystal growth step, large area devices, low weight, and
flexibility) would not be obtained, which probably accounts for the lack of further in-
terest in this type of device.
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TABLE VII. COMPARISON OF PERFORMANCES OF THIN-FILM AND BULK

GaAs SOLAR CELLS

Performance GaAs/Ge Bulk GaAs

l

I

I

I
I

I

I
i
|
I

I

I
I
I

I

Characteristic

Efficiency (%)

Voc (V)

Jse (mA. cm -2)

F

Area (cm 2)

Cell

3.2

0.74

8.3

0.52

_0.1

Cell

7.3

0.89

10.5

0.78

0.12

However, a second area of activity during this contract (322) proved to have greater

promise. Cells were made by forming surface barrier contacts to GaAs using

evaporated thin films of various metals, including aluminum, silver, gold, copper,

chromium, palladium, and platinum. Contacts were deposited onto bulk single-

crystal GaAs, epitaxial GaAs on Ge substrates, and polycrystalline GaAs on

molybdenum substrates, all GaAs having n-type conductivity. The aluminum layers

were found to give ohmic contacts, while the other three metals gave rectifying con-

tacts, with platinum having the greatest barrier height (E B in Figure 81). The photo-

voltaic behavior of these Pt-GaAs contacts was measured, Voc being found to increase

with reduction of carrier concentration in the GaAs. This was explained by the widen-

ing of the depletion region, which resulted in reducing the amount of tunneling through

thc junction. (Such tunneling may account for the excess current seen in p-n junctions,

as discussed in Section IV-A-2 above.)

Efficiency measurements were made on cells which had been prepared by depositing

semi-transparent layers of Pt on GaAs, a semitransparent overcoating of Au being

added to reduce the series resistance which would arise from the lateral resistance

of the Pt film. Cells were made on single-crystal bulk GaAs, epitaxial GaAs on Ge

single-crystal substrates, and polycrystalline GaAs on molybdenum substrates. With

the GaAs/Mo cells, efficiencies up to 3% were achieved in operation under 75 mW cm -2

sunlight, with Voc = 0.64 V, Jsc = 8.7 mA cm-2, ona cell of 0.19 cm 2. A con-

siderable series resistance loss was present in this cell, the fill factor being only 0.39.

This resistance was believed to arise at the contact between the molybdenum substrate

and the GaAs layer. It was also found that photovoltaic performance could be achieved

only for poiycrystaiiine layers with thickness greater than about 3 mils, best results

being achieved with GaAs thicknesses in the 4-5 mils range. Thinner GaAs layers

were found to lead to leaky or shorted diode characteristics. This promising start

was followed up some time later (see Table XX). In the intervening period, late

1963 to 1964, however, the NASA-sponsored work continued alone.
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Following the barrier-material evaluation experiments carried out during the first
contract, work was concentratedon the copper sulphide barrier layer system, and,
during 1964considerable developmenteffort was put into forming thin films of this
material (457).

Vacuum evaporation was employedfor forming the films, with a fresh charge of
Cu2Sbeing used for eachevaporation. The films as immediately prepared showed
a resistivity of 200 Ohmcm; however, the resistivity dropped on exposure to air.
A very much more striking decrease in resistivity was obtainedwhen the film was
exposedto the vapor over ammonium polysulfide, resistivities of 6.5 x 10-4 Ohm cm
being obtained. The optical transmission of the films was measured as a function of
wavelength, and from these measurements andthe conductivity results it was con-
cluded that the depositedfilms absorbed sulfur during the vapor treatment, to form
copper vacancies, thus increasing the electrical conductivity, Cu2Sbeing a deficiency
semiconductor. I-V measurementson Cu2Sfilms deposited on single-crystal GaAs
wafers indicated that the contact behavedelectrically like a metal-semiconductor
junction, confirming that the Cu2Swas degenerate.

Cells madewith Cu2Sexhibited 1.5% efficiencies over areas of 0.72 cm2, with
Voc = 0o5 volt. The main efficiency limitation was found to be cell resistance, which

severely degraded the fill-factor.

The initial survey results also indicated that cuprous selenide Cu2Se was a potential

alternative to Cu2S , so a development effort was made with this material, oThe

vacuum evaporation technique evolved from this effort yielded films of 175-A thick-

ness, which were 70% transmitting for 1.5 eV radiation and gave a sheet resisitivity of

of 93 Ohm per square. Not only was this result encouraging, but thin-film GaAs cells

on Mo substrates subsequently made with cuprous selendie as a barrier layer gave indi-

cations of efficiencies close to 4% over small areas.

It was found necessary to coat the molybdenum substrates with a thin layer of tin to

obtain low Mo/GaAs contact resistance. In view of the rather high weight penalty

involved in the use of molybdenum as a substrate material, the use of aluminum foil

for this purpose was also investigated. This necessitated the use of substrate tem-

peratures below 640°C (to avoid melting the aluminum), which in turn limited the GaAs

source temperature and hence the film growth rate. Nevertheless, working cells

were made with GaAs layer thicknesses between 5 and 10 _mo The efficiencies of

such cells were only about 0.1%, because of high series resistance arising at the A1/

GaAs interface. However, it was felt that the potential for making very light-weight

cells would justify further work with aluminum substrates.

During 1964, two approaches to achieving GaAs film growth under vacuum were in-

vestigated. These were flash evaporation and sputtering, and both gave similar

results.
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The sputtering deposition system used as the source material GaAs wafers, which

were mounted with conducting epoxy cement on a tantalum sheet. Typical deposition
conditions were:

Discharge current 10 - 15 mA

Voltage 1900 - 2300 V

Argon pressure 5.5- 6.5x 10 -2 Torr

Substrate temperature 250 - 600°C

Cathode-substrate distance 3 cm

Deposition rate 160 - 240 _min -1

Argon flow rate 1 - 3 ml min -1

The argon was passed through a desiccant before use.

The flash evaporation system employed particles of GaAs 10 to 14 mils in diameter,

which were fed into a tungsten boat heated to 1600°C. The vacuum during deposition
was the order 10-5 Torr, and most films were grown at about 1000A min-1. Sub-

strate temperatures between 200 and 600°C were used, and GaAs films were suc-

cessfully grown on glass, molybdenum, single-crystal GaAs, vapor-grown layers

of GaAs, and calcium fluoride.

Results from both methods showed that amorphous films were obtained on substrates

at room temperature, and that crystallinity in the deposits increased with increase

of temperature. Single-phase GaAs was in general obtained, as evidenced by X-ray
diffraction studies.

Measurements showed that the films obtained at low substrate temperatures had

anomalously high optical absorption for wavelengths longer than the band edge, com-

pared with single-crystal material. With increasing substrate temperatures, this

anomalous effect became less pronounced, but even the best films did not show the

sharp absorption edge and low long-wavelength absorption characteristic of single-

crystal material. In this respect, vapor-grown GaAs layers showed behavior much

closer to bulk single-crystal material. The optical properties of the vacuum-deposited

layers were not of direct significance, but were an indication that the film material

differed considerably from bulk and vapor-deposited GaAs.

If not intentionally doped, the vacuum-deposited films were p-type. To produce n-type

material, high doping concentrations (0.1 to 1.0% Sn) were found to be necessary.

Undoped p-type films exhibited resistivities of 103 to 105 Ohm cm. Heavy doping with

manganese (more than 0° 1% Mn) reduced the resisitivity of the p-type films to between
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1Oand 103 Ohm cm, but n-type films always had resistivities of 104to 106 OhmCmo
Someevidence for a correlation betweenincreasing substrate temperature and higher
resistivity was found° These electrical measurements definitely indicated that the
vacuum-depositedGaAs would be unsatisfactory for cell fabrication. These results
all correlated with those published by other workers (459).

Continued support was obtainedfrom NASAduring 1965(460, 461) and work was
concentrated on cells madewith cuprous selenide barriers. Both molybdenumand
aluminum substrates were used, and the substrate/GaAs contact resistance problem
was tackled. The tin precoat layer for molybdenum previously determined to be
beneficial in reducing the series resistance, was found to lead to high carrier con-
centrations in the GaAsfilm, apparently becauseof tin spreading throughout the GaAs
during the growth process. To inhibit this effect, a diffusion barrier consisting of a
thin film of germanium was addedto the precoat process, forming the sandwich
structure Mo/Sn/Ge/GaAso Using this process, cells on molybdenum substrates
were made with efficiencies up to 4.6% for areas of 0.03 cm2.

The Ge-Snprecoat was not found to be applicable to GaAs on aluminum substrates,
however, but for these a thin layer of InSbwas found to form a satisfactory intermedi-
ate layer betweenGaAsand aluminum. The InSbwas deposited by a vapor transport
process similar to that usedfor the GaAs. Initial work with aluminum substrates
was donewith 25-_m-thick foil, but this material curled after the GaAs layer had
beengrown on it, presumably becauseof the coefficient of thermal expansion mis-
match betweensubstrate and GaAs. With thinner foils, however, the problem was
less severe, and with the thinnest foil which could be handled satisfactorily (5 /_m)

no curling was seen. This result was presumed to be due to the ability of the alumi-

num to yield plastically when used in such a thin section. By mid 1965 cells with the

structure A1/InSb/GaAs/Cu2Se were made with efficiencies up to 4%, for areas of

0.03 cm2. These cells on aluminum substrates were found to degrade on storage in

air, losing Isc and fill factor over a period of days or weeks. The results were found
to be highly variable, but experiments indicated that the cells made with a final etch

step in dilute acid after the formation of the Cu2Se film were much less prone to this
degradation.

Methods alternative to the oxide transport process, using single-crystal GaAs source

wafers for making the GaAs films, were also investigated during 1965. One of these

other chemical systems for forming GaAs layers is described by the reactions:

2 Ga + 6 tiC1 --_2GaC13 + 3H 2

2 AsH 3 + 4GaC13 --_ 2GAC12 + 6HC1 + C12

The first reaction is obtained by passing HC1 (diluted with H2) over the metal at about
700°C. The resulting vapor is mixed with arsine and passed over the substrate at 600

to 650°C, where the second reaction proceeds.
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Equipment specially designed for use with thin metal foil substrates was built and oper-

ated. The design was such that InAs and GaAs films could be deposited sequentially

(the reactions above are valid if In is substituted for Ga). Various difficulties with

the equipment were encountered and solved, but cracking and curling of the aluminum

foil substrate under attack by the HC1 in the gas mixture proved to be a persistent

problem. Some satisfactory films on small areas of the substrate were obtained, but
the effort was discontinued to allow concentration of effort on other areas of research.

A method combining the principles of the vapor transport technique and halide trans-

port system was also evaluated. Gallium was transported from the metal by the oxide

reaction described above, and arsenic was introduced as arsine. Layers of GaAs

were formed on molybdenum substrates, but difficulty was encountered in obtaining

uniform deposits free of gallium precipitations. The work on this method was also

discontinued.

By the end of 1965, work was concentrated on the aluminum-substrate cells, and

efficiencies up to 4.3% had been achieved with cells of 0.73 cm2 area. These larger

devices necessitated the use of a collector grid to minimize series resistance effects

arising from the sheet resistance of the Cu2Se layer. Vacuum-deposited gold grids

were found to be satisfactory. Cells with this structure gave a power-to-weight ratio

up to 135 W.lb-1, and some cells were stored for periods of up to 4 months under

room ambient conditions without showing signs of degladation.

This work was followed up under NASA funding in 1966-1967 (462, 463).

Attention was focused on three problem areas:

a. increasing the reproducibility of the fabrication process,

b. increasing power conversion efficiency, and

c. increasing cell dimensions.

The reproducibility of the GaAs deposition process had been found to be a major diffi-

culty, but control of the gas flow rates and of the oxygen concentration in the furnances

was found to yield the necessary results. Efforts to increase the cell efficiency by

optimizing the InAs, GaAs, and Cu2Se film thicknesses did not yield great gains in

cell efficiency. However, coupled with the improvements in process control, average

efficieneies were considerably improved, so that 3-3.5% were achieved by mid-1967

for 1 cm 2 cells, although the best cell efficiency obtained during this period (4.2%)

was no better than results achieved earlier. The only major successful innovation

aimed at efficiency improvement during this period, was the development of an anti-

reflection coating of a l/_-wavelengm ullc_n_ u, lvl_2, u_v v_l_u "_ "=_"" _.......

ation on top of the Cu2Se barrier layer. However, this was developed too late to be

applied to the majority of cells made under this contract.
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Towards the goal to make larger-area cells, a furnace to accommodatelarger substrates
was built and operated. This furnace was based on the same oxide-transport process
for growing GaAsfilms as that used for the i cm2 cells. The films obtained showed
nonuniformities which were believed to arise from temperature gradients and gas flow
patterns in the growth region. Portions of the films grown were suitable for cell fabri-
cation, but at no time was a layer of 10 cm2 (the furnace capacity) obtainedwith uni-
formity adequatefor the fabrication of a cell with this area.

A comprehensive stability testing program showedthat cells stable under humid-air,
vacuum, and oxygenenvironments, and operated for 2 months at illumination levels
giving power outputs equivalent to 100 mW°cm-2 sunlight, could be made using post-
fabrication etching processes. Experimental results aimed at elucidating the degradation
process indicated that this was due to the formation of a layer of copper oxide between
the Cu2Sebarrier layer and the gold grid, andthat the etching step which provided cell
stability worked by altering file stoichiometry of the Cu2Selayer to give the more stable
CUl. 85Secomposition.

Reasons for the limited efficiencies of these cells were sought through analysis of the
electrical properties of the Cu2Se/GaAsjunctions. It was concluded that the major
difficulty lay in obtaining sufficiently small values of Io, thus resulting in modestVoc
values (0.49 V) comparedwith those theoretically possible (1.0 V). In addition,
various factors (optical reflection, absorption of photonsin the barrier layer, and a
minority carrier collection efficiency of about 90%)contributed to reduce the Isc below
the theoretical limit. A side result of measurements madeduring this efficiency
analysis program was the fabrication of a barrier-layer cell using Cu2Seon single-
crystal GaAs, for which an efficiency of 8%was measured. This cell had a Voc of
0.75V, Isc of 9.65 mA, and a fill-factor of 0. 575, and an area of 0.55 cm2. These
results may have interesting implications for potential fabrication of single-crystal
cells made by this method.

In late 1964, USAFfunding was obtained by RCA to pursue further the early results
obtained with thin-film GaAs cells madewith platinum barrier layers (461, 464).
These cells were madeon 2-rail thick Mo foil substrates, with a vacuum-deposited
Ge-Snprecoat to give low Mo/GaAs contact resistance. The GaAs film was 4 mils thick,
grown by the oxide transport process from single-crystal GaAs source wafers. The Pt
barrier film was deposited by vacuum evaporation from a tungsten filament. A thick-
ness of approximately 40A, giving an optical transmission of 70%and a sheet re-
sistance of about 1000Ohms per square, was found to be optimum. A thin film of gold
was deposited by vacuum evaporation over thePt, to increase its electrical conductivity,
and experiments showedthat a thickness of 45Awas optimum for cells of small area
(0.2 cm2). Antireflection coats of Krylon (applied from an aerosol spray), and SiO
(deposited under vacuum), were used. The krylon also provided some protection against
cell degradation by atmospheric effects.
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In late 1964, efficiencies of 4.3% had been achieved in cells of 0.2 cm 2 area. By the

end of this contract, 12 months later, the performance had improved so that 5.1% ef-

ficiency had been achieved in a 0.2 cm2 cell, a 2 cm2 cell had been made with an ef-

ficiency of 4.5%, and a 4 cm 2 cell with an efficiency of 3%. With these larger area

cells, the Au film was replaced by a Au grid, formed by vacuum evaporation through
a mask.

These cells had been etched in HC1 after deposition of the barrier layer, a process

which had been found to increase the conversion efficiency by improving Voc. How-

ever_ it was discovered that cells prepared with this final etching step exhibited a de-

gradation on storage under room ambient conditions. Although the original perform-

ance could be restored by re-etching the cells, degradation would once again occur.

Cells made without this etching step gave lower initial efficiencies, a maximum of

2.8% on a 2 cm2 device having been obtained, but they appeared to be wholly stable.

Proton irradiation damage measurements were made on these cells, and a large loss in

cell output was found for low energy protons: the results are shown in Table VIII.

TABLE VIII. EFFECTS OF PROTON RADIATION ON THIN-FILM GaAs CELLS

Energy

(keV)

400

100

50

Flux

(cm-2)

1.16 x 1014

5.45 x 1014

2.27 x 1012

Initial Values

Voc

(v)

0.406

0.465

0.497

Isc

(mA)

0.060

0.150

0.120

Final Values

Voe

(v)

0.031

0.113

0.198

Isc

(mA)

O. 010

O. 027

O. 020

|
I

I
I
i

I

I

The loss in Voc implies that Io for the junction was increased drastically by this ir-

radiation_ presumably through introduction of recombination centers in the surface

and depletion regions of the cells. This would also degrade Isc by reducing the col-
lection efficiency. One might note, however, that high-energy electrons would be

expected to do comparatively little damage to GaAs thin-film cells, because they do

little damage within a diffusion length of the cell surface. This is because high-energy

electrons have relatively great penetration into the cell, and thus the damage they do

is distributed over a large volume of semiconductor material. In contrast, low-

energy protons interact relatively strongly with the semiconductor, and thus they

penetrate only a small distance into the cell, and the damage is localized near the
cell surface.

The project continued to receive USAF support during 1966 (463, 465). Studies showed

that it was not possible to eliminate the degradation problem with the etched Pt/GaAs

barrier, and the modest Voc values with unetched contacts prompted a search for
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alternate junction formation processes. The use of a semi-transparent copper film in
place of the platinum provided reasonably efficient cells, but these were found to de-
grade, presumably becauseof the comparatively reactive nature of the copper. Junc-
tions were madeby diffusing zinc into the GaAs to form a p-type surface layer, and
although the improved quality of the GaAs enabledbetter results to be obtained than
those seenthree years earlier, it was still found that the results could not be con-
trolled sufficiently well to give goodcells. As before, junction leakage by excessive
diffusion along grain boundarieswas believed to be the cause of the difficulty.

In the absenceof a better alternative, Pt/GaAs barrier layer cells continued to be made.
Small increases in performance were secured, so that by the end of the contract cells
were made of 2 cm2 area with efficiencies up to 3.8%.

The structures of the two types of thin-film GaAs cells developedat RCA are compared
in Figure 82. With both the Cu2Se/GaAscells on aluminum substrates and the Pt/
GaAs cells on molybdenumsubstrates, there seemedlittle likelihood of quicMy achieving
performance levels to match those of the H-VI compoundthin-film cells. Hence, in
1967, work on GaAs cells was discontinued.

Work aimed at developingmethods for making thin-film solar cells has also beenper-
#

formed in France by a group at the government-support Laboratoire d'Heliotechnique

(466). This was a continuation of research pursued earlier in another government

laboratory in Algeria, which was terminated by the political events in that country
Pt BARRIER

Cu GRID 8 BUSBAR-_ /LAYER

oo_,,,_ I_ _ _ _ I
o.Io ,,

K////J////////////,_//////A_J_
r \

Mo SUBSTRATE SnGe ALLOY

a. On molybdenum foil substrate

CUl.85Se BARRIER MgF 2 A-R COAT

LAYER Au GRID /

r ////////////////////11//////1 I/
/

AI SUBSTRATE InAs PRECOAT

b. On aluminum foil substrate

Figure 82. Thin-film GaAs solar cell structures in cross-section.
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during 1964. GaAs was deposited on glass substrates using the three-temperature

deposition process, 20 and on mica by flash evaporation. Measurement of the _:!lm

properties indicated that at substrate temperatures approaching 470°C, crystalline

GaAs was formed, but this material had very poor electrical properties. In parti-

cular, its resistivity was characteristic of the semi-insulating form of the compound,

which was in agreement with results by the RCA group (460, 461) and others (459).

It would not have been possible to make solar cells from material with these proper-

ties, and further reports of this work have not been found.

It is believed that there is no work in progress on GaAs thin-film solar cells at the

time of writing. The reasons for the peculiar difficulties encountered in this work,

and the contrast between HI-V and II-VI compound semiconductor thin-film cells,

will be analyzed later in this report.

5. Other Materials

Exploratory work has been done on a few other materials for thin-film solar cells,

but the results have been such as to discourage any major effort at cell production.

In spite of the difficulties anticipated in using silicon as a thin-film cell material, as

described in the introductory paragraph of this section, various efforts have been made

to fabricate such cells from this material. Attempts to grow thin sheets of silicon by

the dendrite-web method, the float method, and the travelling-solvent method, lie

closer to bulk silicon cells than to true thin-film solar cells, and an account of this

work has been given in Section IV-B-3, above. One other thin silicon cell concept

will be considered here, however, since it is more nearly a true thin-film cell.

Initially under internal funding, and later with Signal Corps support, a group at

Honeywell Research center made thin-film polycrystalline silicon solar cells, during

the period 1960-1964 (467, 468). Thin layers of silicon were formed by passing a

20
For a full exposition on the mechanism, the reader is referred to Compound Semi-

conductors Vol. I, eds. Willardson and Goering (Reinhold, New York, 1962),

Chapter 35. The method is applied to the deposition of compounds whose consiti-

tuents have widely different volatility. The elements are evaporated from separate

sources, at two different temperatures. The volatile species is evaporated at a

rate providing an arrival rate over the substrate greater than that required to form

the stoichiometric compound. The substrate is maintained at a temperature such

that the vapor pressure of a separate phase of the volatile component would be

enough to re-evaporate the excess, without being so high as to cause the desired

compound to lose the volatile component. Clearly, the method is applicable only

to those compounds for which the ratio of the vapor pressure of the volatile com-

ponent over its own phase to that over the compound, is large. The "three tem-

peratures" are those of the two separate sources, and the substrate.
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mixture of silicon tetrachloride andhydrogen over a substrate heated to 1200-1300°C,
a process well-established in the semiconductor industry for the growth of epitaxial
silicon:

SIC14+ 2H2_ Si + 4HC1

Phosphoroustrichloride and boron tribromide were used to provide n- and p-type
doping, respectively. Various substrates were used initially, including tantalum ribbon,
and it was proposedthat eventually a ceramic substrate shouldbe used. However,
most of the cells madecontained silicon layers grown in a sufficient thickness to be
self-supporting. These layers were formed on a graphite substrate heated by rf
induction. The surface of the graphite was coated with a layer of soot, which acted
as a "release agent," allowing the silicon layers to be stripped from the graphite.
However, this process was not 100%effective, and difficulties were encounteredin
obtaining layers free from cracking. Consequently, a number of cells were made
with silicon deposited onto silicon substrates.

Sincethe major objective of this program was to provide low-cost devices, the Honey-
well group did a gooddeal of work to evaluate the dependenceof the silicon quality
on the use of the lower purity grades of reagents and gases. In addition, the effect
of the grain boundaries in the polycrystalline material was also measured. The re-
sults indicated that thin-layer polycrystalline cells made with these low-cost methods
could be expectedto have efficiencies up to 5%.

Actual cells were made by depositing a layer of low-quality Si about 16-20 rail thick,
followed by a higher-quality layer about 3 mils thick. The initial material provided
mechanical support, and the upper region formed the active region of the cell. The
junction was madeeither by changingthe conductivity type of the silicon during the
terminal phase of layer growth, or by regular diffusion processing as used for bulk
single-crystal solar cells. Contacts were applied by the eleetroless nickel process.

By late 1963, cells with 3%efficiency for 6 cm2 area were obtained, with Jsc values
of 18 mA em-2. However, the difficulties encountered indicated that the desired
cost reduction wouldbe difficult to obtain, and this work was accordingly discontinued.

A somewhatsimilar approach to making silicon thin-film cells was taken by a group
working at GE laboratories during 1960-1961(443). Silicon layers were deposited
by the hydrogen reduction of silicon tetrachloride, but layers suitable for cell fabri-
cation were not obtained, and the group subsequently turned its energies to the cad-
mium telluride thin-film cell work, described above.

More recently, during the period 1964-65, work aimed at fabricating thin-film silicon
cells was performed at Ion Physics Corporation with USAF support (295, 296). Silicon
films were deposited ontoa variety of metallic (tungsten, tantalum, molybdenum,
nickel) and non-metallic (silica, silicon, mica) substrates, by rf plasma deposition.
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Difficulty was encountered in obtaining adequate adhesionto the substrates, especially

when films with large crystallite sizes were formed. In addition, the mobilities and

minority carrier lifetimes were found to be much smaller than in single-crystal ma-

terial. However, it was felt that some films were obtained with properties adequate

to allow cell formation, and junctions were made by normal diffusion, by growing suc-

cessive n- and p-type layers during deposition, by alloying, and by ion implantation.

Very leaky diodes were obtained with all of these processes, and even when the cells

were diced into diodes with areas of 15 x 15 mils, the photovoltaic conversion ef-

ficiencies of these were found to be only around 0.01%. Although it was felt that the

various technological problems could eventually be solved, the work on ion-implanted

dendritic cells offered the possibility of achieving the same low cost, light weight,

and large area objectives more rapidly, and the thin-film cell investigation was dis-

continued in 1965.

Some interest has been taken by various groups in CdSe cells and related devices.

Vishchakas of the USSR reported on the properties of vacuum deposited CdSe layers

in 195 7 (4 70), giving details of electrical conductivity, photoconductivity, and optical

properties, including their dependence on specimen preparation and heat treatment.

Photovoltaic properties were not reported, but in 1965 Kandilarov and Andreytchin of

the Bulgarian Institute of Physics published such data (471). These were obtained

with specimens made b_ the sequential deposition of CdS and CdSe on glass, applying

gold contacts. The best results were obtained with both the CdS and CdSe layers

about 3 _ m thick. Both layers always had n-type conductivity. The possible band

structures for n-n + and n+-n heterojunctions are as shown in Figure 83 a and b, and,

if interface states exist, as shown in Figure 83 c and d. These imply that if the

specimen carrier concentration were to be changed, to give nCdS-n+ CdSe, in place

of n+ CdS-nCdSe, then the photovoltage sign may change. In practice, it was found

that the CdS always developed a positive potential under illumination, values up to

300 mV being seen. (This only implies that the changes in carrier concentration which

could be obtained experimentally may not have been large enough to produce both types

of band structure, and is thus not a refutation of the theory.) Spectral response curves

showed peaks around 1.9 eV and 2.4 eV, near the band edges of the CdSe and CdS

respectively, as would be expected. Conversion efficiency measurements were not

reported, and there was no suggestion that the devices had been made for purposes

other than pure research on the electrical properties of heterojunctions.

More extensive work on CdSe thin-film cells was done by Heyerdahl's group at Hat-

shaw Laboratories during 1962 and 1963 (446). CdSe films were deposited by direct

evaporation of the compound from a source at about 1000 ° C, onto glass and molybdenum

substrates at about 300 ° C. (The variation of substrate temperature in the range 250-

450 ° C was found to make little difference to the quality of the resulting film). Cells

were made by the analog of the dip process used for CdS cells, by immersion of the

cells for about 1 sec. in CuC1 aqueous solution with a pH about 3 to 4, followed by

washing, and a heat treatment in air at 140 ° C for 50 minutes. This formed a layer
o

of Cu3Te 2 a few thousand A thick, and a vacuum-evaporated gold grid was used to
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Figure 83. Band structures at CdSe-CdS heterojunctions.

(After Kandilarov and Andreytchin)

make contact to this layer. Electrical measurements as a function of temperature,

and spectral response data, showed features similar to those obtained with CdS cells,

indicating that the CdSe and CdS cells had some extrinsinc response mechanism in

common. However, the extrinsic response in the CdSe cells was not as pronounced,

leading to lower effieiencies (N 1%) than in the CdS cells. Consequently, the work was

not pursued further_

S

The French group at the Laboratoire d'Heliotechnique investigated a number of pos-

sible thin-film solar cell materials, including GaAs as described above in IV-D-4

(466). Alloys of Gal_xInxAs and Cdl_xHgxTe were used, films being formed by the

three-temperature technique with coevaporation of the alloy components under

vacuum. Optical absorption measurements indicated that the bandgap varied with

the alloy composition, as expected. With the Cdl_xHgxTe films, n- and p-type con-

ductivity could be obtained at will by varying the substrate temperature during film

growth. Cells made in this way showed photovoltages, but the values were small

(N 10 mV), and the cell efficiencies seen were also low, high series resistance being
a further contributor to this.

Bate and Taylor reported a method for obtaining thin layers of indium antimonide,

InSb, in 1960 (472). This consisted of squashing a drop of the molten compound be-

tween two glass optical flats. The resulting thin layers were of course polycrystalline,

but showed electrical and optical properties not much changed from those of single-

crystal material. However, the energy gap of InSb is too low for this material ever to

find application in solar cells.

This completes the historical review of thin-film solar cells. Major attention has been

focused on those devices most likely to provide good conversion efficiency, but all

other cells have been covered so far as they have been reported in the literature. In-

formation on certain other more specialized types of thin-film devices will also be

found in sections IV-E and IV-F, dealing with the high-voltage photoeffeet and organic

materials, respectively.
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I E. HIGH-VOLTAGEPHOTOVOLTAICEFFECT

I The first recognition of the high-voltage photovoltaic effect, and systematic analysis of
the effect, was made by the group working under a U.S. Army Signal Corps contract

(152) at RCA Laboratories, in the period November 1956 to February 1957. The ef-

I fects were seen in CdTe thin films deposited on glass substrates, with the evaporant
stream during deposition striking the substrate obliquely rather than at the usual nor-

mal incidence. Voltages of up to 320 V were developed under illumination, between

I conducting contacts on the substrate ('TIC coating')_ 2 in. apart. The conclusions
reached on this effectwere:

I a. The oblique deposition of CdTe, ZnS and CdSe produced films showing the
effect.

I b. The photovoltages varied as the logarithm of the illumination intensity.

c. The photovoltage changed rapidly with temperature, decreasing with increas-

I ing temperature.

d. The specimen resistance was high (109 Ohms/E]or higher), and the charac-

I teristic appeared ohmic.

e. The entire specimen contributed to the effect, the voltage not being devel-

I oped at isolated regions.

Bearing in mind these observations, it was proposed that the specimen structure was

I as shown in Figure 84 (a), with the band structure shown in Figure 84 (b). The voltage

was developed by serial addition of small photovoltages arising at the grain boundaries.

i ILLUMINATION

CdTe DEPOSITION I

i DIRECTION £ (a)\

SS SUBSTR

_CONTACTS --J
(b)

_Ef

Figure 84. (a) Disposition of crystallites in a CdTe film showing the high-voltage

photoeffect, after Pensak. (b) Band structure of a CdTe film showing the

high-voltage photoeffect, after Pensak
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The results reported exhibited another characteristic seenby all subsequentworkers in
this field: the voltages measuredwere highly variable, and could even be reversed in
direction by heat treatment of the specimen. Although they did not observe photovoltages
in PbS, it was recognizedby this group that the observation of photovoltagesup to 2 or 3V
in PbSfilms by Starkiewicz, Sosnowski, and Simpson{147} implied that these workers
had seen the effect without realizing fully the significance of a photovoltagegreater than
bandgap. The RCA group proposed the use of the effect for photovoltaic power generation,
although the high resistance of the cells was noted as being a possible problem area. It
appears that the work which has beendonein succeedingyears has addedto the range of
materials knownto exhibit the effect, has elucidated the underlying mechanism to some
degree, but has donevirtually nothing to bring the application of the effect any closer.

Apparently independentlyof the RCA Laboratories work, a Russian group reported the
observation of larger-than-bandgap photovoltagesin PbSfilms deposited under vacuum
at an oblique angle {473}. This report showeda photomicrograph of a cross section of
one of the specimensused, demonstrating a markedly dendritic surface texture. These
workers also founda strong dependenceof photo-emf on illumination angle, results
showing that the photovoltagecould be made to changesign by illuminating the specimen
through the glass substrate rather than on the exposedsurface. Again, heat treatment
was foundto strongly influence the behavior of the specimen.

Following the initial work doneat RCA Laboratories, continuing interest and progress
was shownby thoseassociatedwith this group, resulting in a series of publications
during 1958. Pensak(474) published the results noted above for CdTe as did Goldstein
(475), and theseworkers reported more fully on their results in 1959(476}while Merz
(477) and Ellis et al. (478) reported on effects seen in single-crystal wafers of _nS.
The latter reports take particular concern of the mechanism underlying the effect.
Crystallographic studies of the vapor-grown 7nS platelets used as specimens showed
that the (111)crystallographic direction always lay parallel to the plane of the platelet,
and that the surface exhibited a set of microscopic parallel striae. It appearedthat
these striae were demarcation lines between regions of cubic and hexagonalmaterial,
and Merz pointed out that this growth pattern could be obtained by a rotation oI me
crystalline axes by 60° in the same direction about the (11D or (0001)axis at each inter-
face. Becausethe direction of rotation was the same at each boundary, a net polarization
or directionality could be introduced into the structure by this growth habit, leading to the
additive effects seenfor the photovoltages. By counting striae and measuring the volts-
per-centimeter developedby these specimens, these workers concluded that each junction
contributed about 0.15 V to the output. Merz showedthat this would be consistent with
the band picture for the structure, which was
Figure 84 (b).
In 1958and 1959, work on ZnS single-crystal

essentially the same as that shown in

specimens in which photovoltages up to 20

were seen, was reported by Cheroff, Keller, and Erick (479, 480) working at IBM Lab-

oratories. The results were similar to those of the RCA group, but in addition spectral

response measurements were performed which showed that the sign of the photovoltage

was dependent on wavelength of illumination. This result had been reported earlier in
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1959 by Lempicki (481,482), who also confirmed that the larger-than-bandgap photo-

voltages appeared only along the (111) direction, and also appeared only in crystals con-
taining stacking faults, in agreement with the work of Merz and Ellis et al. The wave-

length dependence of photovoltage was found to show a sharp positive maximum near

3400/_, with smaller negative values for both longer and shorter illumination wave-

lengths.

An explanation of the observed effects was offered by Taue in 1959, which accounted

satisfactorily for the phenomena (483). Tauc proposed the existence of two junction

types, which could arise from a combination of the difference in Eg values for cubic and
hexagonal material, together with systematic changes in impurity concentration. The

resulting band diagram is shown in Figure 85. Under high intensity illumination with

photon energy Egcub., a photovoltage _E per structural unit is produced. On increasing
the photon energy, a photovoltage caused by the barriers in the stacking faults appears,
which has a value

V m
AE 2 _ (Eghe x- Egcub) >-AE 1

q q q (129)

Since _E 1 and AE 2 are in opposite directions, the overall photovoltage changes sign.

On further increase of photon energy to E h , the gradient in the hexagonal material
produces a photovoltage A E3, and the ove_a_Xphotovoltage decreases to zero:

-AE 1 + AE 2 - AE 3 = 0 (130)

With further increase of photon energy, the A E 2 contribution decreases so that the over-
all photovoltage becomes negative, and the experimentally observed dependence of photo-
voltage on wavelength is obtained.

An alternative hypothesis was advanced by Hutson (484) in 1961, who was associated

with Cheroff in the IBM Laboratories group which investigated the high-photovoltage

effect. Hutson pointed out that the nature of the barriers assumed to exist in the speci-

mens showing the effect by Pensak, Merz, and others was not clear. Hutson proposed

that the barriers arose by the piezoelectric effect caused by strain gradients occurring

at stacking faults and grain boundaries. The gradients were assumed to arise because of

the difference in thermal expansion coefficient between cubic and hexagonal ZnS, the

strain arising from differential expansion between ZnS and substrate. Clearly, this

hypothesis did not cover the case when free platelets of ZnS were used for specimens,

as in the work of Merz.

Further measurements on the dependence of the photovoltage on illumination wavelength

for ZnS, over the temperature range 77 to 580°K, were reported by Cheroff (485) in 1961o

Whereas the photocurrent increased uniformly with increase of temperature, the photo-

voltage was found to reach a minimum at 430°K, and to increase with increasing temper-

ature above this point. Hence, Cheroff felt that a simple p-n junction theory could not fit

the observed facts, and an explanation of the type proposed by Hutson was presumably felt

to be more likely.

285



I

I

r""- I I, BA.D __r-" __ II
I _ _-- -AE,

.... _ ........... _ ..... FE,M., LEVEL ......_ ii

I  ocu,, I

''
after Taue m

The range of materials known to exhibit the high-voltage photovoltaic effect was con- ..:

siderably extended by the work of Lyubin and Fedorova in 1960 (486) and 1962 (487). I
Work with CdTe layers was reported, the spectral dependence of photovoltage being

measured, and a photovoltage sign reversal at about 5,500 A being seen. In addition, m

high photo-emf's were seen in Sb2Se , Sb2S , Sb S3-Sb Se , Sb S -Bi S , and m3 3 2 2 3 23 . 2.3
2Sb2S3-Bi2S 3, and photo-emf sign reversals were reported as occurring in some of these
samples with change of illumination wavelength and direction, as for CdTe. Lyubin and I

Fedorova found no consistent correlation between deposition angle and photovoltage m
direction, observing photo-emf's up to 80 V" cm -1 for films deposited at normal inci-

dence. They thusrejected the hypothesis of Pensak, Goldstein et al., proposing initially

that the underlying anisotropy arose from photocurrents existing during film formation, m
although it is not clear how such photocurrents could arise before the anisotropy was

present. The later report (487) favors the mechanism of Semiletov for the photo-emf •
formation. m

From 1962 onwards, the bulk of both the experimental and theoretical work has been done

by Soviet workers from several laboratories, interest in the U.S. apparently having waned

because the high specimen resistance, and lack of uniformity of results indicated that the'

application of the effect to power generation would not be possible.
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Semiletov (488) reported the results of electron-diffraction measurements on CdTe

vacuum-deposited thin films, which established that although crystalline CdTe normally

exists with the cubic zincblende structure, in thin films a hexagonal wurtzite structure

can also be stable. Semiletov's earlier work had also shown that in CdTe films containing

both phases, the transitions between the two stacking patterns were not random, but

occurred with a certain regularity. This was analogous to the system proposed by

Merz to explain the high-voltage effect in ZnS. Semiletov established that in CdTe films

showing high photovoltages:

(i) The crystalline orientation was strongly influenced by the deposition direction,

the (111) or (0001) axes being parallel to the direction of the impinging evaporant.

(ii) Two phases were present (cubic and hexagonal).

(iii) A large number of stacking faults existed in the hexagonal phase.

Observation (i), coupled with the hypothesis that the photovoltage was always developed

along the polar (111) or (0001) axis {as had been established by Merz for ZnS), showed

why oblique deposition is necessary for CdTe high-photovoltage specimens, since dep-

position normal to the substrate would result in crystallites having the {111) or (0001)

direction perpendicular to the substrate. Semiletov's results therefore tend to support

Merz's explanation for the effect. Novik and coworkers in a series of publications

during 1962 and 1963 described experiments performed on CdTe layers formed by

vacuum deposition onto cleaved surfaces of NaC1, KC1, and KBr (489-491). The sub-

strate was found to have an orienting effect on the grown film, but the CdTe was found

to form the alternating cubic-hexagonal growth pattern characterized by Semiletov,

and this result thus supported Metz's work.

The later publication by Novik (491) reported that the application of an electric field of

10-12 kV" cm -1 normal to the substrate surface during deposition caused a marked drop

and in some cases a reversal in the photo-emf direction for one field polarity, but a

negligible effect on photo-emf for the opposite field polarity. Novik's report of a photo-

voltage of 1 kV.cm -1 for CdTe films grown on KBr appears to be the largest field

strength seen to date.

Neumark, working at Philips Laboratories (New York), proposed a theory of high photo-

voltage production (492) based on the work of Tauc and Hutson but differing from these

theories in important respects. Feeling that the fields due to nonuniform donor concen-

trations in the hexagonal and cubic regions, as proposed by Tauc, were unlikely, Neumark

proposed that the necessary fields arose from spontaneous polarization of hexagonal ZnS.

The resultant band structure is as shown in Figure 86, and the mechanism of photo-

v v_L_s_ _,-uuuc_lon and its dependence on illumination wavelength follow the analysis of
Tauc, described above.
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In 1963, Karpovich and Shilova (493) described work amplifying the results of Lyubin

and Fedorova on thin films of Sb2S_. It was found that residual oxygen was necessary
during deposition to obtain photovo_taic films, and the usual oblique deposition process

was used. The results were given for experiments in which photovoltage was measured

as a function of deposition angle, illumination angle, light intensity, and wavelength,

over the temperature range 90 to 350°K. A photovoltage sign reversal with illumination
angle and wavelength was seen for some speciments. An explanation in terms of com-

peting p-n junctions of different "qualities" at the grain boundaries was offered.

In 1964, Brandhorst and Potter (494) reported the observation of photovoltages larger

than the bandgap in silicon and SiC films grown under vacuum on MgO and SiO 2 substrates.
The specimen resistances were in the 1010-Ohm • cm range, and voltages of up to 5.2 V

were observed. On removal of the illumination, the photovoltages were observed to

decay at a rate corresponding to a time constant of some tens of seconds. This suggested

that trapping effects were the cause of the photovoltage, and Brandhorst and Potter pro-

posed an explanation for the effect based on space charge produced by a nonuniform
distribution of trapping centers.
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In 1964 appeared the first of a continuing series of publications by Adirovich and his co-

workers. These reportedspecimen preparation methods and experimental results

obtained with silicon films (495-497) and GaAs films (498) prepared by vacuum evapora-

tion. Spectral response and photovoltage dependence on illumination angle were investi-

gated, with results not significantly different from those reported for CdTe, described

above. In (499) and (500), possible mechanisms for the high-voltage photoeffect were
discussed. The conclusion was reached that the Dember effect was the cause of the

photovoltage in Ge, Si, and GaAs films, but that in CdTe the multiple p-n junction effect

was present. This was mainly based on the evidence that in Ge, Si, and GaAs films, a

photovoltage sign reversal was observed on rotating the direction of illumination relative

to the specimen plane by 180 ° , whereas for the CdTe films this effect was not seen.

This observation runs contrary to the results of Lyubin and Fedorova (486), but these

results appear to be at variance with those of most other workers, so that this is per-

haps caused by experimental difficulties rather than having a more fundamental signi-

ficance. More recently, Adirovich has considered transient effects in CdTe photovoltages

(501), obtaining results consistent with the cells operating with a series array of p--n

junctions. Adirovich's conclusion that the high photovoltages seen in silicon films were

due to the Dember effect runs contrary to the hypothesis of Brandhorst and Potter,

described above, and Adirovich points out that there is reason to doubt the validity of

the analysis of these authors.

In 1966, Perrot, David, and Martinuzzi (466) also reported the observation of high

photovoltages in GaAs films prepared by a method superior to that employed by

Adirovich, eliminating any suspicion that the sample preparation technique used by the

latter may have led to specimen inhomogeneities which would invalidate the results.

Korsunskii and Fridman (502) reported capacitance measurements on CdTe films

exhibiting the high-voltage photoeffect, which support the multiple p-n junction hypothesis

of operation. Palatnik and Sorokin (503) have reported an investigation of the effect of the

substrate material on the photovoltages seen in CdTe films, showing that films on single-

crystal sapphire produced markedly higher photo-emf's than those formed on glass. The

effect of substrate temperature during film growth on the magnitude of the photo-emf was

found to lead to lower voltage values with increasing crystallite size, again supporting

the multiple-p-n-junction hv_theqi_

Recently, Ignaty _uk and Novik (504) have reported the observation of high photovoltages

(up to 800V. cm -z) in films of ZnTe vacuum-deposited onto cleaved NaC1, KC1, and

KBr crystals, thus adding another material to those known to exhibit the photovoltages

larger than bandgap.

This, then, is the present situation regarding the high-voltage photoeffect. It is seen

that. th_ _nlti_l rp_illf.Q _ n_r_mi_n_r fnr _nnlir_t.inn tn nnw_r-.'_n_r_tinn ._v._t_rn_ h_p
................ _ .......... JC- .......... _ .... JL'L ............ _ ...... o ............ J ....... • .....

been amplified by the subsequent work, but no solution to the problem of high device
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impedancehas beenfound. The explanations offered for the phenomenafit the facts
better now than during the early work, but there seems to be little doubt that the last
word hasnot beenspokenon this topic, since the wide range of experimental results
defy simple explanations. In any case, the present situation indicates that there is no
possibility of employinghigh-photovoltage devices as energy converters in the near
future.

F. PHOTOEFFECTSIN ORGANICMATERIALS

Organic compounds exhibit three types of photoelectric behavior:

a. photoconductivity

b. sensitization of photoeffects in other materials

c. photovoltaic action

Of these effects, the first is of no direct significance for the purposes of the present

work, whereas the other two may have applications in the future. Although photoelectric

effects in organic compounds were first studied during the 19th century, it is only re-

cently that an appreciable research effort has been applied to the field. For this reason,

the whole topic of electrical activity in organic materials is not as familiar as the

analogous activity in inorganic materials. The first part of this section attempts to pro-

vide some background information on electrical conduction in organic materials, and

the two later parts will describe sensitization and photovoltaic effects. U.S. government

research contracts in this area are summarized in Table XXI, Appendix III.

I. Electrical Conduction in OrganicSolids

The material presented here has largely been drawn from Gutmann and Lyons' recent

book on organic semiconductors (505), to which the reader is referred if more detail

is needed. This is a relatively young field of research (the above reference is the first

book devoted entirely to the subject), and there still exists considerable controversy

over some of the basic issues; where two theories are extant, both have been mentioned.

In elemental inorganic semiconductors, the bonds which hold the atoms in the crystalline

lattice are of the same strength as those which bind neighboring atoms together; this

remains very nearly true in the inorganic compound semiconductors. Hence, there is a

strong interaction between the allowed energy levels for electrons of the component

atoms, and a well-developed band structure is present as a consequence. However, in

organic solids, the bonds between atoms which make up each molecule of the compound

are, in general, much stronger than the bonds between molecules which form the crystal
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lattice. There is strong coupling between the electron energy levels within the molecule,
but a weak coupling between electron energy levels in adjacent molecules. A continuous

band structure throughout the solid does not arise, and the resulting discontinuities in

band structure between adjacent molecules can provide a major barrier to electrical

conduction. Thus, electrical conduction occurs by the production of a free electron or

hole by a transition between energy levels inside the molecule, followed by the motion of

the free carrier past the intermolecular barrier. It is the effect of this second process

which sets organic conduction processes apart from their inorganic analogs.

Two mechanisms have been proposed for the motion of the free carriers past the inter-

molecular barriers. One postulates that the barriers are sufficiently narrow to allow

electrons to tunnel through them, the second says that the barriers are of such dimen-

sions that electrons must pass over the top and "hop" from molecule to molecule.

When an organic photoconductor is illuminated, it is believed that (in most cases) an elec-
tron is excited from a lower to a higher energy state within the molecule. Conduction

will now be governed by the rate at which electrons can pass through the intermolecular

barriers. If tunnelling processes occur, therefore, the photocurrent should be relatively

insensitive to temperature, whereas if hopping processes occur, an exponential dependence

of photoconductivity on temperature should be seen, with the exponential constant a

measure of the barrier height. In practice, both types of behavior have been seen, and

it seems reasonable to suppose that both processes can, in fact, occur.

Now the processes discussed above reasonably lead to electrical conductivity values of
10-4(Ohm • cm) -1 or smaller. Some organic materials exhibit conductivities of 1.0

(Ohm" cm) -1 or higher, however, and this observation reaches its limit with graphite,

which has a conductivity of 104(Ohm • cm) -1, approaching the metallic. It is necessary to

consider how this may occur.

It is believed that the conduction electrons in an organic solid come from the _ orbital in

aromatic compounds. This v orbital is a unique feature of the benzene ring; a representa-

tion of the orbital is shown in Figure 87. It appears as a pair of donut-shaped regions

above and below the plane of the benzene ring, and in these regions the 18 electrons

forming the ring bonds are most likely to be found. From the point of view of electron

energy, the orbital is a single entity, and no barrier to electron motion between the two

regions of the orbital exists. In solids with a crystal structure such that v orbitals from

adjacent molecules can overlap appreciably, easy electron transfer between molecules

can occur. Normally, this mainly happens when the planes of benzene rings are linked

to form sheets, as in the extreme case in graphite. This mechanism also implies that

electrical conduction parallel to the plane of the rings will be easier than conduction

perpendicular to the plane of the rings, as is observed. This same phenomenon appears

to occur in the TEA salt of TCNQ, 21 where stacked columns of benzene rings parallel to

each other occur (see Figure 88). The conductivity of this salt is about 1.0(Ohm- cm)-i

and is a maximum parallel to the stacking direction.

21TEA = triethylamine

TCNQ = tetracyanoquinodimethane
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I Another group of organic compounds with large conductivities are the "free-radical"
solids, in which an unbonded valence electron occurs. An example isDPPH, 22 with the

structure shown in Figure 89. The unpaired electron is free to move in the molecule

I ithout any transition to a higher energy state, and this may explain the high conductivity
of this and similar free-radical solids.

I A third group of high,conductivity solids is comprised of the charge-transfer complexes.

In these, two molecular species are present, one an electron donor type and the other an

I electron acceptor type, although in some compounds, different regions of one moleculemay exhibit the necessary donor and acceptor characteristics. Because of the partially

ionic character of the intermolecular bonding in these solids, the interaction can be strong

I enough to cause appreciable band formation, thus raising the conductivity.

Another class of compounds also has high conductivity for a related reason. These are

I the polymers, in which bonding between constituent molecules occurs by the polymeriza-tion process, leading to strong intermolecular bonding and interaction. This process

could, in principle, proceed to the point where a crystal lattice formed of strong co-

l valent bonds would be produced, as in the inorganic semiconductors. In fact, few poly-mers show high conductivities, but the above explanation may account for the results with

poly-copper-phthalocyanine, which after heat treatment can have a conductivity of 0.25

I (Ohm. cm)-l. Similarly, the TCNE23polymeric chelates have high conductivities E 20(Ohm. cm)-l], but these are also charge-transfer complexes. Graphite would also, in

principle, fall into the category of polymers, and this would help to account for the

I high conductivity.

I No2

I N --- ----No 2

I Of , (2 c DIPHENYL-/_-- PICRYLHYDRAZYLE (DPPH)

Figure 89. The structure of DPPH

I
1

I

I

22DPPH = diphenyl- B-picrylhydrazyle

23TCNE = tetracyanoethylene
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This account has stressed the mechanisms underlying those compounds which exhibit high

conductivity because the major difficulty with organic photovoltaic devices fabricated up

to the present has been their high internal impedance.

However, use as photovoltaic semiconductors is only one of two possible uses for organics.

Dyes may also prove useful as sensitizing materials, used in conjunction with inorganic

semiconductors. Dyes, in general, exhibit photoconductivity, but have resistivities much

too high to make them interesting as semiconductors. It should be noted that although

the photoconductive and photovoltaic spectral response of many organic materials follows

the optical absorption curve, this is not always true, since organic molecules are suf-

ficiently complex to allow a large number of photon absorption mechanisms other than

straightforward electron transitions. This is in contrast to inorganic semiconductors,

where optical absorption normally takes place by breaking bonds in the crystal lattice

to form electron-hole pairs.

2. Sensitization

The fact that certain organic materials can act as sensitizers in silver halide pho-

tography was first observed during the 19th century (506,507). The sensitizing material is

applied as a thin film to the emulsion side of the plate or film, and increases the long-

wavelength (red) response. The mechanism of the effect is now understood (508); the

fundamental photographic process relies on photoconductivity in silver iodide, and the

sensitizer acts by absorbing low-energy photons and transferring the energy to the

AgI 2 either as a free electron or as an exciton which reacts with the AgI 2 to create a
free electron. This effect, although understood only recently, was the first application

of the photoelectric sensitivity of organic materials.

The sensitization of photoconductivity in silver halides, CdS, and other semiconductors

has been much studied recently, and a wide variety of organic compounds have been

found to be capable of displaying the phenomenon. There has been, and still is, con-

siderable debate over the mechanism of energy transfer between the sensitizer and the

base material. This is partly due to direct contradictions in the experimental evidence

obtained by different groups, probably resulting from differences in the sample prepara-

tion techniques. The situation in this respect appears to resemble that existing during

the early work on semiconduction, before the means for growing single crystals of

semiconductor grade purity were available. As Gutmann and Lyons point out, it is not at

present possible to prepare organic compounds free of other organic contaminants with

the degree of purity possible with inorganic compounds or elements. For this reason,

the whole subject of organic semiconduction is in a state of flux, since only a few of the

experimental results are firmly established, and the interpretations of the effects seen

vary widely.

Nelson has reported an extended series of experiments aimed at investigating photo-

conductivity sensitization (509-514). The semiconductor used WasoCdS, and the photo-
conductive response to light in the wavelength range 6000 to 9000 A was found to be
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increased by pinacyanole, kryptocyanine, and neocyanine (509). It was also observed

that with some experimental cells, photovoltages were generated, as discussed in the

next section of this report. Similar sensization effects for chlorophyll a and methyl

chlorophyllide a were also seen by Nelson (510).

Later work by Nelson was aimed at elucidating the processes occurring during sensitiza-

tion. When a dye molecule on a CdS surface is excited by the absorption of a photon,

four possible events may follow:

a. The energy is transferred directly from the dye to the CdS without the formation

of a free charge carrier (exciton transfer, or resonance transfer).

b. A free carrier is formed, which passes into the CdS.

c. A photon is re-emitted from the dye, or

d. the energy is degraded by phonon production in the dye molecule.

In the sensitization process, a. or b. is apparently dominant over c. or d., and hence

the mechanism debate centers on whether a. or b. is the process giving rise to sensi-

tization. Nelson proposes that the photovoltaic effects seen between dye and CdS demon-

strate that electron transfer between dye and substrate occurs, and hence that this is

the mechanism of sensitization. As Nelson points out, the evidence is not conclusive,
but this model fits the observed facts better than the alternatives.

A great deal of work has been done by the Russian group working under Terenin, on

sensitization effects. Experiments by Putseiko (515) were performed using ZnO, and the

measurements made were of photoconductivity (measured directly), and the production

of a photo-emf at the surface of the ZnO, (using the "Bergmann condenser" method.)

The results indicated that many dyes acted as sensitizing agents, and that the conductivity

type of these dyes could be either p- or n-type. This was taken to indicate that the

fundamental process occurring during sensitization involved the transfer of energy

directly from dye to semiconductor, the energy then creating free carriers in the inor-

garlic semiconductor. In this way, the sense of the photovoltage would depend only on

the nature of the inorganic semiconductor, as was observed. Putseiko also found that the

spectral sensitivity of the sensitization effect followed that of optical absorption in the

dye, and that the thinnest dye layers (down to one monolayer of molecules) produced the

largest effects. However, some sensitization could be obtained by pressing a disc of

dye against the semiconductor surface, without the necessity for producing the more

usual intimate dye-substrate contact by deposition of dye from a solvent.

Thus, there aopears to exist the possibility that the !or_-wavelength sensitivity of inor-

ganic semiconductor photovoltaic cells may be increased by the application of the sensi-

tization effects described above. The compound semiconductor cells, and probably the

CdS cells particularly, are the most likely to make use of the phenomenon. It appears
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that a comprehensive experimental program is the only way of approaching this question,
and such a program has not yet been run. It is also clear that the practical application
of this effect in cells for space usewould require that the sensitizing material be stable
under UV andparticle irradiation. This is a problem area for organic materials, and
will be more fully discussed in the evaluation sections of this work.

3. Photovoltaic Effects

Photovoltages have been seen at electrolyte-organic, metal-organic, and organic-

organic interfaces, though the latter is unusual.

Electrolyte-organic photovoltages were reported by Kallman and Pope (516) in 1959,

using NaC1 solutions and anthracene crystals. The maximum photovoltage observed was

0.2 V, under unstated illumination conditions, with a low power conversion efficiency

because of the high internal impedance of the cell. For obvious reasons, such Becquerel

cells are of no practical interest for power conversion systems for space use, and the

significance of such work is for research purposes only.

Photovoltages ranging from millivolts to some hundreds of volts have been reported for

metal-organic contacts; Gutmann and Lyons (505) provide a useful summary of the data

from many authors. In most cases, uncertainty exists concerning the origin of these

voltages, some authors concluding they are due to Dember effects, others to contact

effects. In some instances, particularly for the 230 V observed when polyethylene was

irradiated with UV (517), the effects may be due to charge release, as noted by Gutmann

and Lyons. The photovoltaic work can best be summarized as follows:

The majority of the specimens have been made in the "sandwich-cell" configuration of

Figure 90(a), though some use has been made of the "surface-cell" geometry of Figure

90(b). In the sandwich cell, the electrodes are usually metallic, or one may be a con-

ducting coating ('TIC') on the glass substrate; the two electrode materials may or may

not be the same. The cell may be illuminated from either side, one electrode usually

being made either thin, or given a grid pattern, to provide optical transmission. The

surface cell may have both electrodes of the same or of different materials, and either

or both electrodes may be illuminated. Many different electrode and organic materials,

deposited by various techniques, have been investigated using these cells, and the results

are tabulated by Gutmann and Lyons, as noted above. The main conclusions to be drawn

from this work are that organic materials exhibit photovoltages analogous to those seen

with inorganic semiconductors, but that none of the cells made to date has exhibited a

power conversion efficiency comparable to those using inorganic materials.

However, such results as have been obtained have prompted an interest in investigating

photovoltages in organic materials for power conversion by the group working under

Golubovic at the USAF Cambridge Research Laboratories, and this group has also spon-

sored a program of research by university and industrial laboratories (518) over the
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Figure 90. Cells for the investigation of conductivity in organic films

years 1960 to the present. The results of this work have not been widely reported, but

recent publications by Golubovic (519) 24 and Mukherjee (520) summarize the present

status. Golubovic's results have been obtained with sandwich cells with A1 and Au

e!cctrodes, using either single or double organic layers. Organic materials studied

have been tetracene, pentacene, and aceanthraquinoxaline. It was found that the addition

of a second layer of organic material, particularly of the charge-transfer complexes

such as TCNQ, TEA-TCNQ, and chloranil, increased both the photovoltage and photo-

current in these cells. Clearly, internal resistance in the cell is the factor limiting the

present efficiency. Photovoltages up to 760 mV were seen, with current densities in

the gA.cm -2 range for illumination densities of low tens of roW. cm -2. The spectral

response of the cells in general followed that of the optical absorption in the organic

m ate ri al.

Photovoltages possibly arising from p-n junctions between two organic materials have

been reported by Meier and Haus (522), and Needler (523). This type of behavior appears

to be unusual in organic materials, and metal-organic contacts appear to be more likely

to yield useful photovoltaic cells.

24The authors of this report are grateful to Dr. Golubovic for supplying a prepublication

copy of this paper.
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Photovoltages have also been reported by Nelson, Putseiko, andothers as occurring at
organic-semiconductor interfaces. Nelson's work (510)was done using a modification of
the surface cell, in which one of the electrodes was CdS,with ametal contact to the CdS,
while Putseiko's work wasdonewith a sandwich-type cell with one of the electrodes of
ZnO. Since most semiconductors (andparticularly the compoundsemiconductors such
as ZnO and CdS)exhibit photovoltages causedby an inversion layer at the surface, so that
any type of conductor applied to the illuminated surface can be used to form a photo-
voltaic cell, it appears that the claims that the photovoltage arose in the organic material
shouldbe carefully examined, andthat the effects seen are possibly due to the usual
surface-barrier effects in the inorganic material, modified by the sensitization effects
discussed above. BecauseCdSis always n-type, surface inversion-layer effects will
always give rise to a photovoltageof the same sign, which is contrary to the experimental
evidence, so that this simple explanation clearly is not always applicable. However,
Nelson's band-diagram for the semiconductor-organic contact also suffers from the
samedifficulty, so that it appears that band-diagram explanations for organic semi-
conductor effects may be misleading.

This then is the present state of work on organic semiconductors as it pertains to energy
conversion. Further evaluation of this work, and a discussion of the future possibilities,
will be found in SectionV-F below.
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GLOSSARY OF SYMBOLS FOR SECTION V

A cml)irical constant in the dicde equation

E electric field strength

E forbidden energy gap
g

Eph average photon energy above absorption edge

F fill-factor

I current

IL light-generated current

[max maximum-power-point current

i ° reverse saturation current

Is c short-circuit current

Jo reverse saturation current density

Jac short-circuit current density

k Boltzmann*s constant

density of photo-generated minority
Nph carriers

q electronic charge

R s series resistance

T absolute temperature

V voltage

Vmax maximum-power-point voltage

Vo c open-circuit voltage

r/ convers on efficiency

k_ carrier mobility

_n electron mobility

b_P hole mobility

_" carrier lifetime
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V. EVALUATIONANDANALYSIS

A. INTRODUCTION

In this chapter, the research and development work on photovoltaic cells which

has been reviewed in the previous chapters (II-IV) will be critically examined. Al-

though all of the work of which an account has been given in the previous chapters

has been examined in this way, attention will be given in this chapter only to those

areas where discussion is felt to be fruitful, or where specific issue is to be taken

with reported results. In many cases, of course, criticism and discussion of issues

has already been presented in or with respect to publications which have been re-

viewed in earlier chapters, and these evaluations will not be repeated in this chapter
unless there is reason for further discussion. This measure has been taken in order

to reduce to a minimum the duplication of material presented in this report. As a

consequence, this chapter is complementary to the earlier material, and a balanced

picture of the present status of research and development in the solar cell field can

only be obtained by combining this chapter with the earlier historical review.

The sequence of the subjects covered in this chapter largely follows that of ChapterIV,

so that it has not been necessary in general to refer to the sections where the subject

under review has been previously reported: thus, for instance, the evaluation and

analysis of theory (Section V-B) is based on the material presented in Section IV-A.

When exceptions to this occur, the relevant sections have been indicated appropriately.

Similarly, references to publications and reports under discussion have not been given

when it is clear from the historical chapters which material is being used. Again,

where it is not clear from the earlier chapters, or where new references are used,

these have been given as needed.

B. THEORY

In this section, the limitations of the present theories of solar cell operation will

be critically examined. Since the acid test of theory is the degree to which it describes

a set of facts found in nature, comparisons with experimental data will be used exten-

sively. This should not be taken as a discussion of the ways in which the actual per-

formance of solar cells can be improved in theory, but rather as an examination of the

deficiencies in the theory of their operation. Discussion of the means for improving

practical cell behavior will be found in the later sections of this chapter.

1.Junction Characteristics

The presently available theories of junction behavior predict I-V characteristics

which approximate the experimental results, but do not represent them accurately.
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The difficulty arises in the predicted values for I o and A in the diode equation:

( qv )I = I ° exp AkT 1 (131)

These are experimentally different from their theoretical values in two respects:

a. the experimental values of I o are many orders of magnitude larger than the

predicted values, and the experimental values of A are frequently greater

than 2 (and sometimes are 50 or more), whereas the theory cannot account

for values larger than 2;

b. Both A and Io are found to be dependent on I: the theory predicts their being
con stant.

This difficulty has been widely recognized since work with silicon devices became of

general interest during the 1950s. It is believed that the theory is inadequate in its

treatment of recombination processes, from which the minority carrier lifetimes are

calculated. These determine the junction characteristic in the ways shown in sections

III-D-2 and IV-A-1. There appear to be two areas of divergence between theory and

experiment in the relationship between recombination theory and junction character-
istics:

ao the minority carrier lifetimes predicted from the thermodynamic analysis of

Shockley and Queisser (see IV-A-2 above) are many orders of magnitude

larger than the experimental values; this arises because in the thermodynamic

analysis, only radiative recombination is assumed to occur, whereas in prac-

tice non-radiative recombination is the dominant process.

b. even if the experimental values for minority carrier lifetime are used in the

diffusion or space-charge region recombination-generation theories of junc-

tion behavior, the theory does not agree with experiment. The reasons for

this are not certain, though various hypotheses exist. The work done by

Shockley and co-workers, under contract with the USAF, served to eliminate

various possible explanations for the anomalous junction behavior, without

giving any more plausible explanations which could be analyzed to provide a

replacement for the existing theory.

The difficulty at the moment, then, is that experiment indicates that a conduction mech-

anism is occurring in the cells, either whose nature is completely unknown, or whose

behavior has been misinterpreted. A hypothesis which has been advanced by Wolf is

that the mechanism is field emission (or tunnel effect) in the rather narrow junctions

existing in solar cells. This hypothesis was proposed because of the similarity of

form between the solar cell characteristics, and those measured by Chynoweth and
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McKay in p-n junctions in which the tunnel effect was known to be dominant. However,

Shockley and Queisser pointed out that the solar cell junctions are not as narrow as

those of the tunnel effect devices, and one would not expect this to provide an appre-

ciable conduction mechanism in solar cells. They proposed, instead, that metallic

impurities in the cells were the cause of the divergence between theory and experi-

ment. Since neither the tunnel effect hypothesis nor the metal-impurities hypothesis

has been given adequate quantitative theoretical treatment as yet, their applicability
to solar cells cannot be determined.

Although Queisser and Shockley produced experimental results which could be inter-

preted in terms of metallic impurities being precipitated and "gettered" by suitable

heat treatments, the results were not entirely consistent, and were not accepted by

these workers as being conclusive proof of the validity of their hypothesis.

Because of its impact on the conversion efficiency of solar cells, this topic is an im-

portant one. The elucidation of the processes occurring in the cells, and leading to

the presently observed I-V characteristics, could have two possible effects:

a. The theoretical efficiency calculations could be revised to give a value appro-

priate to the mechanisms known to occur in the cells.

b. If the mechanisms which cause the divergence between the present theory and

practice were found to be avoidable, the experimental performance of the

cells could be improved, to approach more closely the theoretical value cal-

culated from the present theory.

To achieve an advance in the understanding of junction characteristics, it is believed

that a combination of experimental and theoretical work would be the best approach,

since each could then act as a guide to the other, and the investigation of areas un-

likely to give fruitful results can be minimized.

In conclusion, it may be noted that most present theories of junction behavior are built

on an assumption of uniformity in the distribution of electrically active species in the

planes normal to the current flow. In practice, this is not strictly true, and an ap-

proach to explaining junction characteristics by statistical analysis of the effect of

non-uniformities in junctions has been undertaken by Shockley and co-workers. This

analysis was based on the model of metallic-impurity centers and clusters, which

could lead to localized narrow regions giving tunnel conduction or avalanche break-

down. Since the model is multivariable with respect to the nature, size, and spatial

distribution of the impurities, the result can be fitted to practically any I-V character-

istic, and since experimental correlation on a microscopic scale is not possible, the

validity of the theory is difficult to ascertain for a particular device. Further ad-

...... ,_,, j_,,,_,, theory may also _ _u _, w_ _L_L and

transistor development.
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2. Ultimate ConversionEfficiencies

The analyses of the type performed by Cummerow, Prince, Loferski, Wolf, and

others, based on empirical semiconduction data, provide a valuable yardstick against

which actual cell behavior may be measured. Within the limitations of the empirical

data on which they are based, and the junction characteristics they assume, such
theories must be considered accurate and valid. Although the numerical results ob-

tained by the various analyses which have been published have shown differences,

Loferski analyzed these and concluded that these arose from:

a. differences in the junction theory assumed,

b. differences in the semiconduction and optical data inserted into the equations,

and

c. differences between the spectral distributions and illumination intensities used.

Basically, the analyses were found to be in agreement, and it appears that further work

in this area is not needed at the moment. Should new theories of junction behavior be

accepted, this situation would change.

Such analyses are displeasing to the purist because of their need for empirical data on

material properties. The thermodynamic derivations of M_ser and Shockley are an

attempt to found a theory on more basic physical constants. Within the limitations of

their assumptions, these theories must also be accepted as valid, though the numerical

results obtained by MTiser are apparently in error.

The present relationship in this respect, between the thermodynamic junction theories

and the phenomenological theories, has been discussed in the previous section.

3. Deviationsfrom Ideal Solar Cell Behavior

Experimental cells depart from the behavior of the ideal cells used in theoretical

efficiency calculations in many ways. The effects of various mechanisms which cause

these departures from ideal performance have been analyzed, and in general the analy-

sis results are matched accurately by the experimental data.

A major contributor to the difference between real and ideal performance is the diode

characteristic: this has already been fully discussed above. The effect is to reduce

the Voc value for the experimental cell below that of the ideal.

The ways in which the short-circuit current Isc is reduced below that theoretically

possible have been analyzed by consideration of optical reflection and absorption, and

of collection efficiency. Judged on the criterion of correspondence between theory and
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experiment, these calculations are successful in most respects. The exception is the

relationship between reduced cell thickness and collection efficiency, for which most

experimental results show a more rapid loss of Isc with reduced cell thickness than is

predicted theoretically. This is more fully discussed in section V-C below, and it is

felt that the discrepancy is probably caused by extraneous experimental effects which

are not accounted for in the theory. Although further work in this area should be per-

formed, it is believed that this would be more fruitfully aimed at eliminating the dele-

terious effects in the thin cells rather than reworking the theory. The effect of drift

fields on collection efficiency also shows a reasonable correlation between theory and

experiment, although many experimental results obtained in groundbased and space-

craft radiation damage experiments have shown departures from the theoretical pre-

dictions. Again, the basis for these discrepancies is more likely to lie in the experi-

ments than in the theory.

Interestingly, the effect of a direct band-gap on collection efficiency does not appear

to have received any attention from solar cell workers. One might expect this to be

a relevant point in the operation of GaAs solar cells. An increase in the collection

efficiency might be expected because the recombination of minority carriers in a

direct band-gap semiconductor causes the generation of photons which can be reab-

sorbed to create other minority carriers. Thus the minority carrier lifetime in

direct band gap semiconductors may not have the same significance for collection

efficiency calculations, as it has in indirect band gap semiconductors. In effect, the

generation of photons which can re-create minority carriers, adds another mechanism

to provide diffusion of carriers in a direct band-gap material. This effect was ana-

lyzed by Dumke (523) in reference to devices other than solar cells. Evaluation of

Dumke's calculation shows that this is directly applicable to these cells, however, and

thus his conclusion can be accepted here also. This showed that the diffusion constant

for minority carriers was increased only by a negligible amount by the photon-genera-

tion process, and thus this can justifiably be neglected in the theoretical analysis of

solar cells made of direct band-gap semiconductors. The different absorption charac-

teristics of direct semiconductors, however, still lead to different design considera-

tions for solar cells made from these materials.

The effect of series resistance (Rs) on cell behavior is to reduce the fill-factor (F) for

small values of Rs, with larger R s values also reducing Isc. In practice, cells with

reasonably high efficiencies (> 6%) do not exhibit the latter phenomenon. Many anal-

yses of the effect of R s on cell performance have been performed, and the theoretical
results fit the experimental data well. A related analytical problem concerns the op-

timization of grid structures, a question considered by Wolf and Lamorte. The short-

comings of their results has already been discussed (see IV-A-3 above). Previous

work on the optimization of grid structures is therefore in an unsatisfactory state, and

Appendix I! of this report contains new results which are believed to be an improvement
over those available before. The results of this analysis are in agreement with the con-

clusions arrived at empirically in cell manufacture, which is taken to demonstrate the

validity of the approach taken.
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The calculations of Handyto determine Rs allowing for current collection by both grid
line and contact strip are not valid, since they are basedon erroneous assumptions.
The results canbe shownto be in error since they indicate that the proportion of cur-
rent collected by the grid lines will decrease as the grid spacingdecreases, which is
contrary to the actual case. In fact it canbe shownthat the effect of current collection
directly by the contact strip can be neglected even in i x 2 cm silicon cells with 4 mm
grid line spacing. In other cells suchas the CdSthin-film type, the effect is even
smaller. It may be notedthat in Handy's paper (224), some confusionbetween the
angles $ and 0 exists. Sincethe analysis shows 0 to decreasewith decreasing grid
spacing, $ must increase, andthus the area of the trapezoid which provides current
collection onto the grid line decreases, lowering the proportion of current collected
by the grid line. This is the opposite of the conclusion stated in Handy's paper.

In general, it is concludedthat further detailed analysis of the ways in which solar cell
performance deviates from the ideal, is not at present justified, since in all cases the
experiments either support the present theories, or canbe shownto be more question-
able than the theories. Excepted from this statement is the diode characteristic, dis-
cussedin the previous section.

4. Heterojunctions

There exists very little experimental evidence to provide a check on the validity

of the analysis of Emtage for heterojunction cells. Examination of this theory has

shown no cause for doubting its validity, however. Since the results indicate that

cells with a significantly higher efficiency can not be made by using a heterojunction

as the active element, further work in this direction would not appear to be fruitful.

It may be expected, however, that other solid state device work will provide new

experimental data in this area, and thus the theory will utlimately be tested more

directly.

5. The Drift-Field Cell

The analyses of Wolf and of Cheslow, Kaye, and Rolik, to determine the effect of

a base region drift field on the collection efficiency in silicon solar cells, are in quali-

tative agreement in their general conclusions. Direct comparison of the results is not

really possible, since very different values of minority carrier-lifetime were assmned

for the base region, and hence the optimum drift region widths calculated by Wolf and

by Kaye and Rolik are different. In addition, the two cell models analyzed differ with

respect to constancy or variability of mobility and lifetime across the drift region.

Within the limitations of the assumptions contained in the models however, the an_dyses

are believed to be valid, but these assumptions are worthy of some scrutiny. The ini-

tial analysis of Cheslow and Kaye, with constant value of g, _', and E assumed, can be
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taken to give qualitatively correct results, but it is uot possible to attach significance

to the quantitative results. The later refinement of this approach, however, must be

taken to provide numerically the most accurate data obtained to date, but at the dis-

advantage of using wholly non-analytical solutions which require computer usage. The

approximations introduced by Wolf allowed him to obtain analytic solutions, but even

in this case the expressions are so lengthy that computer usage is desirable. The two

theories are basically identical, except for the refinement of variable bLand T in Rolik

and Kaye's latest version, and should therefore give similar results for similar eases.

In particular, Wolf had satisfied himself through a step-approximation to the case of

variable material values, that the assumption of constant values did not introduce sub-

stantially different results, but rather was on the conservative side with respect to the

radiation resistance enhancing effect of the drift field. Unfortunately, the authors did

not publish on similar cases. The quality of fit between theory and experiment remains

to be proven, since data from real cells have been deficient in specifying accurately the

actual band structure and semiconduction parameters of the cells. One may note, how-

ever, that the experimental results of Kaye and l_olik (for a cell with an unknown drift

field strength) show a quite different performance from that predicted by Wolf even

though the agreement between theory and experiment is good for the normal type of

cell without a drift field (see Figure 91). The discrepancy is seen to be partly due to
a larger difference in Jse between experimental field-free and drift-field cells than

is expected theoretically, and partly to a more rapid loss is Jsc than is predicted.

For the experimental cell with the optimum drift region width (according to Kaye and
l_olik's calculations), the results bear very little resemblance to Wolf's theoretical

results, and Kaye and I_olik did not show any calculations to compare the results with

their own theory. In addition, Wolf's theory shows that the initial collection efficiency

(and hence initial conversion efficiency) should be higher in a cell with a wider drift

field than in a cell with a narrow drift field. Since this is the converse of the results

obtained experimentally by Kaye and Rolik, it appears likely that the cells are not

comparable in respects other than drift-field region width, and that any deductions
from these experimental results should be made with caution.

In summary, then, it is seen that the two theoretical approaches give results qualita-

tively in agreement with each other. Both indicate that improved radiation resistance

should be obtained with a drift-field cell. The theoretical results do not give a good

fit to the experimental results, partly because the experimental drift-field cells have

a lower absolute performance than theory indicates. This is most likely due to short-

comings in the experimental cells, and may arise from low minority carrier lifetimes

caused by the complex cell fabrication processes, with their multiple high-temperature

cycles. It is felt that useful progress in the theory of drift-field cells must await the

time when more complete experimental data is available to act as a check on the pres-
ent theories.
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1.0 THEORETICAL PERFORMANCE
OF FIELD-FREE CELL

o EXPERIMENTAL DATA
FOR FIELD-FREE CELL

/_ EXPERIMENTAL DATA
FOR DRIFT-FIELD CELL
WITH X =30-35p, M.

<> EXPERIMENTAL DATA
FOR DRIFT-FIELD CELL
WITH X =60-65/u,M.

bRETICAL PERFORMANCE
OF DRIFT-FIELD CELL WITH

X = 25/u.M

I I I I I I

1013 I014 I015 IO 16 ioi7 1018 IO i9

INTEGRATED FLUX OF" I MeV (ELECTRONS cm-2)

Figure 91..Graph comparing the theoretical results of Wolf with the
experimental results of Kaye and Rolik for drift-field solar cells,

showing relative Jsc as a function of integrated 1 MeV electron flux.
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6. The Multiple-Transition Cell

The multiple-transition solar cell, proposed by Wolf in 1960 as a means of obtain-

ing a major increase in solar cell efficiency, has not yet been thoroughly investigated

experimentally. Various phenomena observed in CdS and GaP photovoltaic measure-

ments have been explained in terms of transitions induced via intermediate levels, but

this explanation is of doubtful validity in the case of the CdS cell, and involved a

thermally-induced transition in some of the GaP devices (see IV-C-2 above). The only

theoretical work on the principle involved has been that given by Wolf, which does not

go far enough to establish unequivocally the validity of the proposal with respect to a

potential conflict among the requirements imposed on the material properties. Doubts

on this subject were included in Wolf's original publication, and have been repeated by
Shockley and others, mainly because experience indicates that the introduction of the

needed density of intermediate energy levels (1018 - 1019 cm-3) is likely to degrade

the semiconductor properties, in particular the minority carrier lifetime. On the

other hand, Grimmeis was convinced that he had fabricated photodiodes based on this

principle. There are thus questions concerning the principle, through yet unexplored

theoretical relationships between material parameters as required for this approach,

and, in the absence of such theoretical limitations, the ability to achieve such material

properties in a practical device. However, this is the only proposal in existence which

shows a possible way towards greatly improving conversion efficiency, and hence it is

considered that further investigation would be justified.

It appears that the most pressing immediate need is for theoretical work aimed at pro-

viding an answer to the question: can compatibility of the postulated material param-

eters be proven or disproven by present or modified semiconductor recombination or

thermodynamic theory?

In view of the present reservations concerning recombination and junction theories,

as discussed in Section V-B-1 above, it may be that unequivocal answers to this ques-

tion will not be available quickly. However, even an answer of limited validity could

be very valuable to indicate whether or not experimental work would be justified.

It should be stressed that even if proven theoretically feasible, the practical realiza-

tion of a multiple-transition solar cell is likely to require a considerable research

effort in terms of both time and money. Because of this, it appears that experimental

work will be justified only after investigation of the theoretical question. Although

open theoretical questions exist, and although practical realization will, if feasible,

be costly, this approach appears to be the only possibility for achieving a marked

improvement in conversion efficiency, and hence the potential return on the research

investment is sufficient justification for work in this area.
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C.SILICONCELLS

Before discussing the work on silicon cells a brief summary of the present status

of the cells is necessary. Table IX summarizes the present status with regard to

physical characteristics, cell performance, and cell economics.

TABLE IX. PRESENT STATUS OF SILICON CELLS

I

I
I

Io Cell Physical Characteristics

Base Resistivity: 1-2 Ohm-cm, 10 Ohm-cm

Cell Thickness: 8-14 mils

Configuration: N/P

Junction Depth: 0.25-0.50 Dm

Grid Lines: mostly 5 on cells with 2 cm n-contact length
o

Antireflection Coating: SiO 900-1100A, or phosphosilicate glass

em 2; 2Dimensions: lx2 2 x2 cm2; 2 x6 em

II. Cell Performance

III.

Efficiency: Average:

Short Circuit Current:

Open Circuit Voltage:

AM1-13%, AMO-11%; Max. 14 to 15% CAM1)
-2 -2

AM1-29 to 35 Ilia cm , AMO-34 to 40 Ilia cm

0.54 to 0.57 V for 10 Ohm-cm; nominal resistivity

0.57 V to 0.61 V for 1 Ohm-era; nominal resistivity

Fill Factor: 73 to 76%

-1
Power to Weight Ratio: 95 W lb (bare cell; 12 mil thick)

Series Resistance: 0.25 to 0.6 Ohms
-7 -2

Reverse Saturation Current: 10 A cm

Cell Economics

Dollars per Cell:

Dollars per Watt:

Near $2.00 ea (1 x 2 cm); near $3.00 ea (2 x 2 cm)

$60 watt -1 - $80 watt -1 bare cell cost

I
I

1
I

I
I

I
|
|
I

I
I
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The silicon solar cell has been far more extensively developed than cells made from

any of the other materials. This has been partially due to the fact that developments

in silicon technology from the relatively large semiconductor device industry were also

beneficial to solar cell development, and partially due to extensive work by solar cell

manufacturers and photovoltaic specialists. The unique position of the silicon solar

cell (availability from going production lines, with adequate efficiency and reliability)

at the inception of the space age placed it one step ahead of the other types of cells for

satellite applications, and this advantage has continued until the present.

The following evaluation of the work on silicon cells will be broken down into the

categories which were used in discussing the history of the silicon cells; i• e•, power

density, cost, radiation resistance, and efficiency.

1. PowerDensity

An increasing concern with lightweight solar arrays has derived from the need

for increasingly larger amounts of power in current and projected space projects.

From the solar cell manufacturers' point of view this concern translates into a need

to develop cells with a high power to weight ratio. Since efforts to increase efficiency

have, during the last few years, proven fruitless, the approach which appears most

feasible at present is the use of thinner silicon wafers in cell manufacture.

Thin silicon cells, on the basis of theory, are expected to have lower short circuit

currents than cells of conventional thickness. This drop is due to the loss of some

long wavelength photons by transmission, and the closer proximity of the back contact,

which has a high surface recombination velocity, to the junction.

Wolf and Ralph (219) published theoretical curves giving the percentages of available

photons absorbed by a given thickness of silicon and the relative short circuit current

as a function of cell thickness and bulk lifetime. Unfortunately their experimental

data did not agree with the theoretical curves. A much more rapid fall off in short

circuit current occurred than was anticipated. It was suggested that the cause might

be reduction in the effective thickness of the cell due to work damage at the back

surface. Adjustment of the data for a change in thickness of a constant amount does

not, however, eliminate the discrepancy, although it reduces it somewhat. Crabb

and Treble's (221) data agrees more closely, although not completely, with theory.

They attributed their success to care in eliminating such damage at the back surface,

but it is not clear from the publication what steps or processes were involved, nor

why their results should differ from a change in effective thickness. Their results

might indicate that the degradation is due to some processing parameter which could

The work of Cheslow and Kaye at EOS indicates that the effect of the high surface re-

combination at the back contact may be reduced by incorporating a drift field in the
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base region of thin cells. Four mil thick drift field cells were found to have 6%-18%
higher short circuit current densities than similar cells without drift fields. A sim-
plified theoretical analysis confirmed that gains of this magnitude could be expected.
This may be an area of interest for future thin cells work.

The alloyed aluminum reflecting contacts investigated by Burrill et al (294), improving
infrared absorption through light reflection at the back contact, also appear to have
some interesting effects on the efficiency of thin silicon cells. Cells madewith the
reflecting contacts also show an increase in effective minority carrier lifetime which
could be attributed to a reduction in the surface recombination velocity at the back
surface due to formation of a p+ region, which means incorporation of a drift field, or
to some other lifetime preserving mechanism. There is a striking agreement between
the theoretical curves of Wolf and Ralph and the experimental data obtained from some
of the reflecting contact cells, although the theoretical curves should not be applicable
to these particular conditions.

Thin silicon cells appear to offer advantagesas high power density (power per unit
weight) devices. Although the ultimate efficiency limitations of some of the thin-film
cells are presently unknown, and forecasts are therefore difficult to make, it can be
stated that at present the thin silicon cells are quite competitive with these cells on
a watts per poundbasis (see Figure 58, Section IV-B-3). The thin cells, becauseof
their reduced red response, are more radiation resistant than the thicker cells.
Recent measurementshave confirmed that the thinner cells do, in fact, deliver con-
stant power over larger ranges of integrated radiation fluxes. In the important area
of reliability, the thin silicon cell has presently a distinct advantageover the thin-
film cells. Future developments in thin-film cells could negate this advantage;how-
ever, reliability hasbeen a longstanding and frustrating problem with these cells.
Finally, silicon cells 0.004" or less in thickness possess a small amount of flexibility
which, while not generally comparable to that of the thin-film cells, may prove useful
in handling and in application. When the hyperdegradation of the short circuit current
with thickness and the handling problem of the thin cells can be overcome, then thin
silicon cells can be expectedto dominate the future solar cell array market.

2. Cost

Attempts to reduce the cost of solar cell manufacture fall into essentially two

categories; reduction of materials cost and reduction in cell fabrication cost. Con-

tributions to the reduction of materials cost include refinements in the techniques for

producing and purifying the raw silicon and improvements in the growth of single

crystal ingots. These changes have been, for the most part, evolutionary as have

most of the production line changes which have resulted in reducing cell fabrication

costs. Two somewhat more revolutionary changes which have been suggested for cost

reduction are the use of polycrystalline material and the use of larger area cells.
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The problems connected with the use of polycrystalline cells were found to include

lower efficiencies, lower yields, and increased fragility, resulting in increased break-

age. The economics of polycrystalline cell use has been best summarized by Berman

and Ralph (281), as described in Section IV-B-3. It was determined that a yield of

about 80% (i. e., 80% of the cells produced must have efficiencies -> 10%) is necessary

for the polycrystalline cells to break even in cost with the single crystal cells (93-96%

of single crystal cells had efficiencies of 10% or greater). Unfortunately no yield data

have been given on the polycrystalline cells. Pilot line runs reported by Berman and

Ralph indicate that most of the PIN cells had efficiencies in the range 8-10%, while

most of the N/P cells were in the range of 6-8%, both airmass 1. The figures indicate

that a considerable improvement in the average efficiency of polycrystalline cells is

necessary before they can begin to be competitive. The major factors degrading the

efficiency of polycrystalline cells are junction leakage and reduced minority carrier

lifetime, both associated with the presence of the grain boundaries. A major loss is

the drop in open circuit voltage associated with the junction leakage. Open circuit

voltages for the polycrystalline cells generally were in the range of 0.45-0.50 volts

(vs 0.57-0.60 for single crystal cells). The drop in short circuit density is also of

significance. Current densities for the polycrystalline cells were 21-24mA cm -2

(vs 22.5-25 mA cm -2 for single crystal control cells). Obviously these losses are a

function of the density of grain boundaries and are therefore variable from cell to

cell. At present there appear to be no good prospects for a technique to "neutralize"

the grain boundaries. Until such a process is found it is expected that poor yields and

low efficiencies will continue to plague the polycrystalline cells and will probably pre-

clude their general use. Some techniques for increasing the resistivity of the material

in the vicinity of the grain boundary to reduce leakage have been suggested but these

would not solve the lifetime problem and would probably involve extra processing (at

extra cost). In general the polyerystalline cells must of necessity be less efficient

than single crystal cells. As a consequence, even if the polycrystalline cells can be

made competitive with single crystal cells on a dollars per watt basis from the manu-

facturing standpoint, the use of polycrystalline cells will probably incur additional

weight and area penalties which could negate the original cost savings.

The technique of fabricating larger area cells to reduce the production cost per watt

has received considerable attention. Much of this has centered on ways of producing

large sheets of single crystal silicon. Many of the earlier ideas along this line were

patently unfeasible and have since been abandoned. Two ideas which have survived and

which show some promise are the epitaxial growth technique and dendritic growth.

Epitaxial films of fair quality have been successfully deposited on silicon and sapphire
substrates. No reports of success with removable substrates have been found. Whether

or not the process can be used to economically produce sheets of adequate thickness and

area on a production line basis cannot be determined at this time because of insufficient

data. This technique is still in the earliest stages of development and considerable ef-

fort will be required before it can be seriously considered for large area solar cell
applications.
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The most successful techniqueto date has been the dendritic growth technique. Cell
areas of 30 cm2 havebeenrealized, with efficiencies as high as 11.5%using this
technique. At present the difficulties hindering the use of this process in production
include a serious lack of physical uniformity in grown material, high dislocation den-
sities in some regions of the crystal, and a chronic breakage problem associated with
the physical handling of the cells (294). The lack of physical uniformity is due to dif-
ficulty in controlling the growth parameters (i.e., temperature gradients in the vicinity
of dendrites, pull rates, etc). Thickness vari ations of a factor of two and large width
fluctuations on a given sheetof dendritic material are not uncommon. This leads to
considerable difficulty in designing jigs andfixtures for handling the material. This
control problem is not atypical of problems encounteredduring process development,
and one would expectthat, given sufficient developmental time and effort, it could be
overcome.

Areas of high dislocation density occur in the filet and twin-plane regions of the den-

dritic sheet (see Figure 56, Section IV-B-3). These act as recombination centers,

thereby lowering collection efficiency, and, in the ca_e of the filet region, contribute
to junction leakage. Whether or not the crystallinity in these regions can be improved

and controlled as better processing controls are developed remains to be seen. The

problem with the filet region is presently eliminated by removing this material in the

process of cutting the dendritic sheet to a uniform width. This procedure may not be

desirable in future cells because of the breakage problem. Improvement in the quality

of the material inthis region then assumes a new importance.

Burrill et al (2 94) have attempted to solve the breakage problem by allowing the den-
drites to remain attached to the silicon sheet during cell processing. The dendrites

significantly increase the strength of the sheet, but their retention also means that the

non-uniformity and leakage problems discussed above become more serious. Despite

the increased strength afforded by the dendrites, a 42% breakage rate was experienced.

This breakage rate, combined with relatively poor efficiency, indicates that this pro-

cedure is highly unsatisfactory at present. The correct line of action to bring the

breakage problem under control would seem to be to design the proper jigs, etc., to

reduce handling to a minimum. From a production point of view this will probably be

the only satisfactory approach. This means that the growth procedure must be brought

under control so that the uniformity of the silicon sheet can be insured.

A cost comparison between conventional silicon cells and large area dendritic cells or

other large area cells is not possible at this time. However, ithas been demonstrated

that large area cells offer a reduction in handling costs both in cell manufacture and

array assembly. The large area cells have the drawbacks of being subject to more

breakage than conventional cells and a possible decrease in array reliabilitywhen they

are used. If the trend toward larger solar cell arrays, to meet increased power de-

mands in space, continues, the use of thin large area cells will probably be the most

economical way of constructing the arrays.
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3. Efficiency

The various power loss mechanisms, both inherent and due to departures from

ideal behavior_ have been discussed in Section IV-A-3 above. The results of this dis-

cussion, together with quantitative estimates for the various losses as they occur in

present silicon solar cells, are summarized in Figure 92.

The upper limit on efficiency for silicon solar cells has been at a virtual standstill for

the past 7-8 years. The last major improvement occurred as a result of the introduc-

tion of grid lines at the turn of the decade. Since then the maximum observed efficiency

has remained just below 15% while the average efficiency has gradually crept up to

about 13%. The average characteristics of current cells have been summarized in

Table IX of this section. Table X summarizes the approximate maximum observed

values of various solar cell parameters as determined by scanning the published lit-

erature and government reports. Slightly better values may have been observed in

some cases, however, the values given are probably very close to the maximum.

Values of the same parameters as given by or computed from the theories of Shockley
and Loferski are also shown.

TABLE X. COMPARISON OF THEORETICAL AND OBSERVED

CELL CHARACTERISTICS (AM1)

!

i
I

I

I

Parameter Experimental Theory (1) Theory {2)

Efficiency

Short Circuit Current

Open Circuit Voltage

Fill Factor

Reverse Saturation

Current

15%

-2
35 mA cm

0.61 volt

0.78

31%

-2
44.5 mAcro

0.80 volt

0.87

22%

-2
44.5 mAcro

0.58 v01t

0.84

10-7-10 -8 Acm -2
-16 -2

5.4x10 A cm
-12 -2

5.9x10 A cm

Theory (1) is the detailed balance theory of Shockley

Theory (2) is the semi-empirical theory of Loferski

The theoretical values for the open circuit voltage and the fill factor were computed

I

I

I

I

from the values of the other parameters given. Several interesting comparisons may

be drawn from this Table. First of all there is a large disparity between all three

reverse saturation currents, mh_ _-P_n, fro,. _:_._ _ m_, T _,_,o ,,oi,,o _'°s com-

puted from empirical data with the assumption that ideal diode theory was obeyed.

Shockley's value was computed from detailed balance considerations assuming only
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Figure 92. Energy budget for silicon solar cell under AM1 conditions.

314

I

I

I
I



!

!
radiative recombination. Experimentally the silicon solar cells have been found not

to obey ideal diode theory in general, resulting in much larger reverse saturation

current values. Computations based on a comparison of the experimental saturation

current value and that predicted by theory (1) indicate that the fraction of the

recombination-generation current which is radiative is of the order of 10 -9 in the

experimental case. If this could be raised to 10 -3 or better (i. e., if the non-radiative

recombination could be reduced by several orders of magnitude) then theory (1) pre-

dicts that the 22% efficiency figure of theory (2) can be achieved.

The open circuit voltage computed from theory (2) is somewhat less than some pres-

ently observed figures. This is possible because of deviations from the ideal diode

theory. The theory (2) open circuit voltage was computed using the ideal diode value

of unity for the diode constant. If a nonideal value of two is assumed then an open

circuit voltage in excess of that predicted by Loferski's theory can be obtained despite

a difference of five orders of magnitude in reverse saturation current. The experi-

mental and theory (2) open-circuit voltage are approximately 75% of the voltage pre-

dicted by theory (1). Again the difference can be traced to the predominance of non-
radiative recombination.

There is a difference of at least 25% between the experimental and theoretical short

circuit currents. This is by far the largest contribution to the discrepancy between
observed efficiencies and the two theories. The theoretical short circuit current value

was determined by assuming that all photons with energies greater than the silicon

band gap were absorbed and generated hole-electron pairs, all of which were col-

lected. A small percentage of this loss (approximately 1-3%) is attributable to reflec-

tion. The remainder is due to recombination of minority carriers before they can be

collected or separated by the junction.

The experimental fill factor is seen to be close to that computed from Loferski's

theory. This is a result of the minimizing of series resistance effects in current

cells, and the continued maintenance of high shunt resistance.

The major problem preventing the realization of theoretical efficiency values is seen

to be the high non-radiative recombination rate. This has been pointed out by several

investigators in the past (197). The attempts to come to grips with this problem in-

clude the use of high purity silicon and the use of special techniques for leaching out

metallic impurities. Ralph and Biekofsky (249) used high purity (grade I) silicon

instead of the normally used solar grade material in an attempt to make more efficient

cells and found that the efficiencies of the higher purity silicon cells were less than

those of the control cells made from solar grade silicon. The low efficiency was ap-

parently due to lifetime degradation caused by heavy doping of the high purity silicon.

In vario,Js attempts to use high puri_- ........ _ silicon, imoroven_ents in solar cell

performance or reduction in recombination were not achieved.

315



Queisser, Shockley, and others (197)have attributed high recombination currents to
centers formed by metal precipitates present in the space-charge region of the cell.
These currents were held responsible for the anomalouscurrent-voltage character-
istics of solar cells. Gettering experiments using glassy oxide layers to remove
metallic impurities resulted in improvements in the current-voltage characteristics
of the experimental cells, thus indicating that the metallic impurities can be a con-
tributing factor.

While non-radiative recombination is clearly established as a major performance
limiting effect in silicon solar cells, the solution to the problem of what can be done
to reduce it is not at all clear. This is primarily because the nature of the recombina-
tion problem is not well understood. Which species are operative in the recombination
process ? What is the role of various lattice distortions, such as dislocations? To
what degree are the recombination centers present in the grown crystal, and how many
are introduced or removed during processing? Are the recombination rates which are
now generally obtained in silicon device processing, and which are similar to those
obtained in silicon solar cells, the practical limits not to be exceededthrough future
efforts ? Theseare questions which cannot be answered at present but which must be
answered if cell efficicncics are to be significantly increased. It is apparent that the
present understanding of recombination processes and their relation to the current
voltage characteristic is inadequate.

Additional proposals to increase silicon solar cell efficiency have dealt with various
schemes for utilizing regions of the solar spectrum which do not ordinarily contribute
significantly to the current, or for making more efficient use of the spectrum. Both
Hoffman Electronics Corp. (300) and Technical Operations Inc. (301) investigated
techniques for converting high energy photons to multiple low energy photonsthrough
the use of fluorescing layers on the surface of the cell. None of the materials used
resulted in any measurable improvement in cell performance and in most cases a
distinct drop in performance occurred uponapplication of the fluorescent material.
The effectiveness of these materials is greatly impaired by the fact that they also
absorb and scatter some of the longer wavelength radiation which normally contributes
to cell output. In addition, the efficiency of conversion of high energy photons to low
energy photonswhich actually reach the cell is limited by a number of processes, in-
cluding scattering and the isotropy of the fluorescent photon emission process. Thus,
it appears that the method a priori does not offer any significant potential for improv-
ing the efficiency of silicon solar cells.

The Technical Operations group also investigated the possibilities of using dye sensiti-
zation techniques to increase response in both the short wavelength region (0.30-
0.45 pro) and the long wavelength region (greater than 1 b_m). The attempts to improve

the short wavelength response by dye sensitization were somewhat misguided in that

the problem is not that the radiation is not absorbed by the silicon, but that it is ab-

sorbed near the surface of the cell, which has a high recombination velocity, and that
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it is absorbed at a considerable distance from the junction, relative to the diffusion

length, in material with low lifetime. Hole-electron pairs created in or near the dye

layer are still under the influence of this surface region and, unless the dye greatly

alters the properties of this region, no gain can be expected from this technique.

Similar considerations apply to hole-electron pairs generated by long wavelength

photons in surface dye layers, although in this case the photons would not ordinarily

be absorbed by the silicon. The dyes also scatter and attenuate radiation to which the

cells normally respond, as do the fluorescent materials.

The prospects for success in using surface layers of dyes, phosphors, and other

chemical sensitizers to broaden the spectral response of silicon solar cells are very

low. Other schemes for altering the spectral response, such as the multiple tran-

sition solar cell, have been discussed elsewhere in this report.

Series resistance effects, grid line spacings, junction depths, reflection losses, etc.

have all been fairly successfully minimized or optimized and no large improvement

in efficiency can be anticipated from these directions.

The rate of recombination appears to be the most important parameter limiting the

performance of present silicon solar cells, although an improvement there would
increase the cells' radiation sensitivity.

4. RadiationResistance

The work on radiation resistance has not been treated as thoroughly as some of

the other aspects in this account of the history of solar cells. Therefore, a complete

evaluation of all of the work in this area cannot justifiably be given. There are three

areas of contemporary interest within this field which will be briefly discussed. These

are drift field cells, lithium diffused cells, and the "super-blue" cells.

The drift field cells have been shown theoretically (218, 236) and, with considerable

reservation, experimentally (290) to have superior radiation resistance to field free

cells for many types of radiation. The reservation is inserted because in the experi-

ments the radiation performance of the drift field cells did not correlate with the

theory and was found to be only marginally superior to that of the field free cells.

This result has to be attributed to deviations in structure and of the experimental de-

vices from the theoretically determined one, and in quality from that normally obtained

in production devices. Many of the experimental data were clouded by the presenta-

tion as relative short circuit current or power degradation, where actually the ab-

solute power output after a given radiation dose is the important parameter. This

would explain why some measurements have shown the drift field cells to be distinctly

more radiation resistant than commercially avai!able field free cells, while compari-

son with field free cells fabricated from the same material as the drift field cells
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showed a considerably smaller advantage. This would indicate that the experimental

control cells were of lower quality than the commercial cells, and the same doubt

would then be cast on the drift field cells. Based on this state of affairs, the merit

of the drift field cells can neither be considered proven or disproven, and, depending

on the outcome of the lithium - silicon solar cell development, further drift field cell

investigations may or may not be undertaken.

A problem facing drift field cells, is the fact that all of the techniques for forming the

drift field region require special processes which could add considerably to the ex-

pense of solar cell production. Unfortunately, there appear to be no cheap alternatives

available; consecraently, reducing the cost of existing techniques by proper tooling

would seem to be the indicated course of action open at present. The problems in-

volved in controlling epitaxial depositions over large areas, however, may be formi-

dable for some time. The advantages of drift field cells must be more clearly estab-

lished before the problems of cost should be attacked.

Thin silicon cells have been shown to have increased radiation resistance. Their

spectral response is effectively "blue shifted" because the long wavelength photons

are transmitted. Thin cells with drift field base regions are of potential interest for

use in large scale arrays. Detailed discussion on this subject appeared in Section

V-B-5 above.

The lithium diffused solar cell is probably the most important and the most contro-

versial recent development in the photovoltaic field. The cells have been shown to

possess the ability to anneal radiation induced defects at room temperature. Un-

certainty still exists in discussing the physics of the annealing process, the compara-

tive performance of lithium diffused and commercial N on P cells, and whether or not

the lithium diffused cells degrade after recovery. Lithium diffused cells are presently

undergoing extensive laboratory investigation intended to provide a thorough under-

standing of the processes involved and to answer many of the questions regarding their

performance. Present indications are that the post-recovery degradation is not in-
herent to the lithium diffused structure but that it does occur in varying percentages

(ranging from the majority to none) of the cells having lithium doping, depending on

the type of silicon used and the amount of lithium present. None of the suggested

causes for redegradation such as precipitation, out-diffusion, etc., has yet been

definitely established as being responsible. Ideas concerning the recovery mechanism

are similarly in a state of flux so that it is difficult to say anything definitive in this

area except that the generally held view is that it involves a pairing between a lithium

ion and a lithium-defect complex. The lithium diffused cell is of considerable im-

portance to the space power field, and its investigation needs to be pursued in a highly

systematic and practical manner in order for its capabilities to be evaluated and

realized in the near future.

The blue shifting of the spectral response of silicon cells was made possible by the

introduction of grid lines around 1960. This allowed the use of the shallow junctions
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which give rise to this effect, without seriously degrading the cell performance through

series resistance effects. The blue shifted cells are more radiation resistant than

cells with deeper junctions because the percentage of their total collected current gen-

erated by short wavelength photons has been increased due to the closer proximity of

the junction to the surface of the cell. The major practical limitation on the reduction

of junction depth has been the fact that effects of the surface, due to its close proximity

to the depletion region, start to influence the I-V characteristics. Also, the very

shallow junctions are more easily punctured and shorted-out during production and

post-production handling. This problem can, however, be overcome by improvement
in handling methods, while the first problem is a basic one.

Most of the recent work on the development of "super-blue" shifted cells has been done

internally by NASA. The work of Mandelkorn (279) combining LOPEX aluminum-doped

silicon and silver-cerium contacts is the latest state-of-the-art development in this

direction. There is some evidence that these "super-blue" cells might not be as radia-

tion resistant as has been presumed (524), but published data on these cells are minimal

and may not be representative of typical cells. Because of the scarcity of quantitative

information it is difficult to gauge the merits of future work in this area. A further

shifting of the spectral response is, in theory, possible since a significant portion of

the short wavelength photons of the solar spectrum are absorbed in the region between

the shallowest of present junctions (< 0.3 _tm) and the cell surface. How difficult it

will be to further reduce this thickness is hard to estimate. There appears to be no

current work by solar cell manufacturers in this direction, but there is a definite need

for a wider dissemination of information on work on the blue sensitive cells.
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D. COMPOUNDSEMICONDUCTORCELLS

Although some of the research on compound semiconductor cells has been done with

funding from private sources, the majority of the work, and all of the large-scale de-

velopment efforts, have been supported by Government research and development con-

tracts. Hence, in the analysis of progress in this area, we have concentrated on this

Government-funded work. It is interesting to note that in the area of compound cells

the USSR has been very active, and in several instances the best results obtained to date

have been achieved by Soviet groups. This forms a sharp contrast with work on thin-

film cells, where the USSR has expended very little effort, and has reported no results

comparable with those obtained on CdS and CdTe thin-film cells manufactured in the US.

There have been three major reasons for interest in compound semiconductor cells:

it Theoretical efficiency analyses (see Section IV-A-2) indicate that materials

can be obtained whose energy gap Eg matches the AMO sunlight spectrum bet-
ter than that of Si, leading in principle to higher conversion efficiencies.
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o The use of semiconductors with Eg values larger than that of Si also should
in principle lead to a device which can continue to show reasonable conversion

efficiencies at temperatures considerably higher than those at which Si cells

cease to give useful amounts of power.

o The high optical absorption constant which arises from the "direct" bandgap

of certain compound semiconductors should lead to a cell which does not need

such long minority carrier diffusion lengths as does the Si cell (see V-E-1

below). Since radiation damage occurs mainly by reduction of minority car-

rier diffusion length, it is anticipated that improved radiation resistance can

be achieved in such compound semiconductor cells.

Actual results indicate that the hoped-for increase in conversion efficiency over the

values obtained with Si cells is very difficult to achieve. The difference between the

maximum theoretical efficiencies for Si cells and the wider-bandgap materials is not

large (about 25%, depending on the details of the analysis), and in practice this differ-

ence is more than outweighed by losses which reduce the real cell's performance below

that of the ideal cell. These losses are caused by various limitations imposed by the

present state of materials technology. Thus, the greatest proportion of the research

effort in compound semiconductor cells has been concerned with materials and process

technology of general application to the semiconductor in question, rather than in

problems specifically associated with solar cell fabrication. Because there has been

such a general interest in silicon technology throughout the electronics industry, sili-

con had a flying start over the compound semiconductors. Only in the case of GaAs

cells has a program been sustained at a sufficiently high level and for a sufficiently

long period, for results to be obtained comparable with those of Si cells. Even in this

case, the technology was in good part supported by general industrial interest in GaAs.

For A1Sb, for instance, such general interest has been almost wholly absent, so that

success with A1Sb solar cells could be expected to be a long uphill battle, even without

the very special difficulties encountered with this material°

This phenomenon has been so general throughout the work on compound semiconductor

cells that it appears highly unlikely that a future development effort aimed at replacing

silicon cells could be economically feasible. The expenditure needed to raise the tech-

nology of any semiconductor material to the necessary level would require such a large

investment in research that even if efficiencies higher than those of silicon cells could

ultimately be achieved, the cost would be so high as to make the success of doubtful

value. This assumes that the cell mechanism is that analyzed in conventional treatments

of theoretical efficiency: if a really large increase in efficiency were found to be pos-

sible, as in the multiple-transition cell, for instance, then the research investment
could certainly be justified.
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Considerations other than simply replacing the silicon cell with a more efficient device

operating in the same environment may also make compound semiconductor cell de-

velopment desirable. These would probably be the factors under (2) and (3) above. Un-

like the efficiency improvement, these have been verified experimentally, and for sev-

eral of the cell types it can be shown that photovoltaic arrays could be built to operate

under conditions intolerable to silicon cells. Whether or not the value of the missions

which require operation under these conditions would justify the necessary expenditure

of research and development effort is a question beyond the scope of the present work.

1. GalliumArsenide

By far the largest effort to develop a single-crystal cell alternative to the silicon

cell was spent on GaAs devices. Initial studies at RCA Laboratories, supported by the

Signal Corps, were followed by large development and pilotline projects at RCA Somer-

ville, supported by the USAF. Realizing that process and materials technology were the

keys to obtaining viable cells, adequate efforts were expended in these areas to result

in cells with average efficiencies in the 9-11% interval, and with peak efficiencies up to

13_. Since this is closely comparable with the results achieved with silicon cells, the

development program must be considered a technical success.

This program illustrates well the fact that the development of a cell based on a new

semiconductor will require a major investment in research areas which are not specifi-

cally concerned with solar cells. Thus, after the demonstration of feasibility by RCA

Laboratories, the RCA Somerville group had to develop methods for growing ingots of

single-crystal GaAs with a cross-section sufficiently large to allow economical fabrica-

tion of 1 x 2 cm wafers, and with a quality adequate for obtaining good minority carrier

lifetime and mobility. Likewise, methods had to be developed to provide the necessary

shallow junctions: this may be regarded as specifically a solar-cell requirement, al-
though general methods for diffusion processing in GaAs were not readily available at

the time, so that the development done in this area also had a wider scope than might

be at first apparent. Finally, the methods which were developed for providing electri-

cally and mechanically sound contacts to the cells also represent the development of a

technology not specific to solar cells.

The results which were achieved demonstrated that the GaAs cells had no advantage

over silicon cells with respect to efficiencies at normal temperatures, but that they did

have advantages in terms of radiation resistance and high-temperature performance
relative to silicon cells as shown in Table XI.

As pointed out by Lamorte, the GaAs cell also has a comparatively constant Vmp under
irradiation, and this would make the design of a solar powei" system easier "_'Ll_,,_l..... vv_,,'_"_"

cells. However, since the GaAs cell work ceased in 1963, the development of the

lithium-doped silicon cell has offered the possibility of reducing the radiation damage
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TABLE XI. DATA COMPARINGRADIATION RESISTANCEAND HIGH-TEMPERATURE
PERFORMANCEOF Si AND GaAs CELLS

i
I

I
Parameter GaAs Si

Rate of efficiency loss with

rise of temperature

Critical flux of 17 MeV

protons

0.02 - 0.03

%. (C°) -1

I. 5 - 6x1012

cm-2

0.035 - 0.045

%.(C°) -1

1.5 - 2.0xlO II

cm-2

I
I
I

problem in silicon cells so as to remove this as a significant advantage of the GaAs

cells. The high-temperature operation of the cells remains a feature which cannot be

duplicated by silicon cells, however, and there are physical reasons why this will al-

ways remain true (see the account of Shockley's diffusion theory of p-n junction be-

havior, Section III-D-2).

Several loose ends may be noted among the results reported by the RCA workers. Should

the further development of GaAs cells prove desirable, these provide possible areas of

investigation.

Although cells were made using epitaxial GaAs layers, their efficiencies were lower than

those of conventional cells. However, in the years since the termination of the GaAs

solar cells work, processing methods have been developed which allow epitaxial layers

of GaAs to be formed in a highly controlled manner, with excellent semiconductor prop-

erties (458). The use of epitaxial material therefore offers the possibility of making

cells with an active region in which long minority carrier diffusion lengths exist. This

should improve the collection efficiency, and further improvement may also be possible

if a drift-field cell can be made by providing a gradient of impurity concentration in the

active region by control of the epitaxial growth process.

Another point which may be again worth taking up would be the use of the n-on-p in

place of the p-on-n configuration used in the majority of the cells. This point was in-

vestigated during the original work, and low efficiencies were always obtained. It may

be that the dopants suitable for use in cell fabrication have solid solubilities which pre-

vent the necessary high doping levels from being achieved: the original work showed

that zinc (an acceptor) was particularly well suited to cell fabrication because it pro-

duces a high surface concentration and an anomalous diffusion profile particularly ad-

vantageous in solar cells. Assuming that a donor species can be found with the same

characteristics, the n-on-p configuration would provide a cell with electrons as minority

carriers in the base region. Since electrons have a mobility higher than holes by about

an order of magnitude in most GaAs, this should lead to improved collection efficiency

from the base region. The full benefit of such an effect would not be realized unless
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the junction depth could be reduced somewhat from that used in the original cells

(_ 0.5 ttm), so that the surface region provides only a small proportion of the cell

output °

A further loose end left at the termination of the GaAs cells work concernecl high-

temperature degradation of the cells. The effect seen was a rapid loss of efficiency

by Voc degradation when cells with soldered tabs attached were stored at 250°C: the
effect was absent from cells without tabs. This implies that the effect was not an in-

trinsic part of the cell, and could be eliminated by using different contacting materials.

Since there are alternatives available for this purpose, this effect cannot be expected

to pose an insuperable problem.

One aspect of the operation of the GaAs cells must be considered as extremely inter-

esting. It was reported that Voc values up to 0.96 V were obtained with cells operated

under 100 mW.cm-2 sunlight, presumably at room temperature (317). More details of

cell measurements were reported showing Voc values up to 0.94 V for Isc = 29.2

mA.cm-2 (330). 25 Applying equation (58), this indicates Jo = 1.3 x 10-19 A.cm -2,

whereas in theory, Jo = 1.5 x 10 -15 A.cm -2 for a GaAs p-n junction. This assumes

that A = 1 in the diode equation, whereas in the actual cells it was normally approxi-

mately 2, 26 which could increase Jo to a value nearly 5 orders of magnitude higher than

the theoretical value. However, changes in A and Jo have been found in Si solar cells

to go together in such a way as to produce Voc values lower in practice than or equal to

those predicted by the simple diffusion theory (A = 1), rather than the slightly higher

Voc values measured in the GaAs cells. This may have two implications:

a. GaAs cell efficiency improvement may be obtained by an improvement in Jsc,

and this has been more amenable to development than Voc in most types of cell.

bo If similar effects could be achieved in silicon cells, a considerable improve-

ment in efficiency would result. Thus research aimed at an elucidation of

this effect could be a useful contribution to the theory, and perhaps also the

practice, of silicon cells.

A major obstacle to the general use of GaAs cells has been their price: GaAs cells

cost over an order of magnitude more in terms of dollars-per-watt than the normal

Si cells. Assuming the array fabrication to require the same cost in the two cases,

and these being approximately equal to the cost of the silicon cells, this reduces the

cost differential to 5.5 or larger, which is still high. Although large-scale production

25
p. 119, cell #91-13.

26 This implies that recombination-generation processes in the junction region domi-

nated the junction characteristic (see Section IV-A-l), a point fully discussed in
reference 316.

323



andconsistent demandwould reduce costs somewhat, it appears that the starting ma-
terials in cell manufacture (ultra-high-purity gallium and arsenic) will always be more
expensive than silicon. In addition, GaAshas a more difficult technology than Si,
making processing more costly. Eg., GaAs has a much lower yield stress than Si,
leading to a problem with brittleness, and subsequentloss of cells by breakage. It
thus appears that GaAs cells are unlikely to ever compete with Si cells for normal ar-
ray applications, and only whenthe special properties of the GaAs cells make these
devices necessary will they be considered. This provides an interesting parallel with
other device technology for this material, where GaAs has not been able to compete
with Si transistors for ordinary purposes. But where the special properties of the
material can be exploited, it has found applications like in Gunneffect devices and
diode lasers.

The GaP-GaAs heterojunction device investigated by various groups is in principle a
soundidea, insofar as it enables one to make a GaAs solar cell with a junction suffi-
ciently removed from the semiconductor surface that recombination will not degrade
collection efficiency. In practice, the GaAscell work showedthat the field in the dif-
fused region of the conventional GaAscell (causedby the diffusion profile) is sufficient
to prevent large numbers of minority carriers from reaching the surface. Thus surface
recombination is not a major problem in conventional GaAs cells, a finding which
closely parallels the effects seen in conventional silicon cells. Thus, the GaP-GaAs
cell loses its major raison d'etre, and since the use of this configuration complicates
a processing technology situation which is already difficult, it is concluded that further
work in this area cannotbe justified.

2. Other III-V Semiconductors

The work done on pure GaP cells by the RCA and Monsanto groups showed divergent

results, for reasons which were not clarified, but which have implications which make

further analysis valuable.

The RCA cells exhibited only theoretically anticipated behavior, with an intrinsic spectral

response. This exploratory work therefore indicated that the ceils' potential efficiency

was as calculated by Loferski and others, using the analysis based on p-n junction

theory and a spectral response determined by Eg for the semiconductor. In view of the

poor match between the GaP bandgap (Eg = 2.25 eV) and the sunlight spectrum, the in-

dicated potential efficiency was low, and hence work was not continued. The Monsanto

work, however, resulted in two families of cells being made, one showing the intrinsic

response as seen in the RCA work, the other cells showing an extrinsic response of the

type sought by the RCA group in the first place. It is unfortunate that the Monsanto

group was not able to discover what caused the difference in behavior of the two groups
of cells, since some of the results indicated considerable potential in the extrinsic-

response cells. It appears that the materials and processing difficulties were so

large that reproducibility and adequate manufacturing control could not be obtained.

This is not surprising, since according to general observation, the wider the bandgap
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of a semiconductor, the more difficult it is to make contact to it, and to avoid intro-

ducing intermediate energy levels in the forbidden bandgap which can introduce ex-
trinsic semiconductor behavior.

Comparing the results of the Monsanto spectral response measurements with those of

Grimmeis on extrinsic GaP photosensitivity, it is apparent that the effects are quanti-

tatively different, although they are qualitatively similar. Hence, the Grimmeis

model for the cell mechanism may fit the Monsanto data but with a different intermedi-

ate energy level present, or a different mechanism may be at work. The Monsanto

work left open the question of the extrinsic response mechanism, which is unfortunate.

This work appears to have potential mainly in reference to the multiple-transition

solar cell, which has been discussed in Section V-B above.

The Monsanto work clearly established the potential advantage of the GaP cells for op-

eration at high temperature, the Voc values having been found to drop at a rate of
about 3 x 10-3 V. C °-l, close to the theoretical value. The value was about the same

in both the intrinsic and extrinsic response cells, and allowed both cell types to

operate at temperatures as high as 350 °C. The high temperature performance being
better than that of the GaAs solar cells discussed above, the same remarks concerning

the value of further research can be made. The only difference is one of degree: it

seems certain that with adequate effort, GaP cells could be made with efficiencies

considerably higher than the 2o 5% peak seen in the Monsanto work. However, it

should be stressed that the research investment needed would be large, at least as big

as the multi-million dollar GaAs cells effort. Whether or not this would be justified

by the ability to make arrays which could operate at high temperatures is a question

which must be answered by others, unless the feasibility of the multiple-transition
solar cell has first been established and the material properties for GaP been found

suitable for this type of cell.

The remaining IH-V compound on which a large government-sponsored research effort

has been concentrated is aluminum antimonide, A1Sb. As with all of the other research

projects on compound semiconductor cells, this was largely involved with solving quite

general crystal growth and materials processing problems. The main justification for
interest in A1Sb was the closeness of its bandgap match to the solar spectrum, accord-

ing to the theoretical efficiency analyses. However, the difference between the be-

havior of ideal A1Sb and Si cells is not large, while, in view of the differences in

technology which presently exist between A1Sb and Si, no reason can be seen for an

expectation that practical cells of A1Sb might approach the ideal behavior any better

than Si cells, so that logical justification for work on A1Sb solar cells is not provided.

The EOS research program on A1Sb cells was directed almost entirely toward solving

the materials problems, and must be considered successful in this respect on the
basi_ of the resu!ts which -,,:ere achieve_J. Thus_ large single-crystal ingots of the

material were grown, and slicing, lapping, contacting, and diffusion techniques were

established. Although significant solar cell results were not obtained the materials

work done by the EOS group appears as a remarkable achievement, bearing in mind

the peculiar problems associated with A1Sb.
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The RCA work onAISb provides an interesting contrast with this, in that the RCA
group bought its material from an outside source, andthus was able to concentrate its
energies much more on the problems of cell manufacture. Again considering the
problems inherent in dealing with AISb, the results which were achieved are remark-
able. In view of the extremely reactive and unstablenature of the basic material, the
spontaneousdegradation of the cell performance, which proved the major difficulty, is
hardly surprising. Becausethe effects of moisture absorption are apparently irrever-
sible in the AISb cell, there appears to be little prospect of stabilizing this device, or
of devising practicable manufacturing methods. From this experience, it is concluded
that further research onAISb cells is unlikely to yield useful results.

Indium phosphide(InP) is the remaining III-V compoundwhose conversion efficiency
could in principle behigh (Loferski's analysis indicated a value of 21.5% under AMO
sunlight). The work doneon this material by the RCA group, beginning in 1955, was
severely hamperedby lack of goodsingle-crystal starting material. Hencegood re-
sults could not beobtained without a large materials research program, for which
support was not available. In the ten years which have elapsed since this early work,
compoundsemiconductor technology has improved enormously, however, so that it
seems surprising that there has beenno further USwork aimed at developingInP cells.
The recent reports of the USSRwork indicate that goodefficiencies (6.7%) have been
obtained even with poorly designed(deep junction) devices. Thus it appears reason-
able to expect that a materials developmentprogram, aimed at producing crystal
growth methods anddiffusion and contacting techniques, could result in solar cells
with useful efficiencies. However, the justification for sucha program is question-
able. The theoretical efficiency of the InP cell is only marginally better than for Si,
and there is no reasonto supposcthat the technology limitations will allow practical
InP cells to approachthe ideal performance any better than in the case of Si. The
high-temperature behavior would be intermediate betweenthat of Si and GaAs cells,
so that this wouldnot be a valid reason for developing InP. Finally, the material has
an indirect optical transition, so that the exceptionally sharp optical absorption edgeof
GaAs, andthe radiation resistance which results, will not be obtained with InP as far
as canbe predicted. Sofar as is known, the material does not have any special tech-
nological difficulties associated with it (cf. A1Sb), and the 1.25 eV energy gapis low
enoughthat the provision of ohmic contacts, andthe introduction of intermediate
energy levels in the forbidden gap, are not likely to cause special difficulties (cf. GAP).

The remaining III-V compoundshave energy gaps which will be unsuited to solar energy
conversion, so far as is known. Thus, work with these materials cannot be justified at
the present time. However, should cell mechanisms other than those analyzed in the con-

ventional theoretical efficiency calculations be proved feasible, then some of these other

III-V semiconductors may turn out to have special properties which can be exploited. For

instance, the multiple-transition cell would probably be based on a material with a band-

gap in the 1.5 - 3.0 eV range, so that a material such as aluminum arsenide (AIAs) with

Eg = 2.4 eV, or GaAlAs, could well be potentially valuable. Since very little is known
about these materials, however, it is not possible to make a meaningful analysis of the

likelihood of success with this compound. The only firm prediction which can be made

is that the amount of research necessary will be expensive and time-consuming.
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3. II-VlandOtherCompounds

Cadmium sulfide (CdS) is of course the II-VI material with which most research

has been performed. However, for the reasons discussed in V-E-1 below, CdS is

is particularly well-suited for use in thin-film cells, so that since about 1960, the

major research effort with this material has been in the direction of making thin-film
cells.

There is another side to this question which will be examined here. Experience has

shown that the technology of single-crystal C dS provides special difficulties which

make large-scale production unattractive. This is particularly true of crystal growth.

Large efforts were expended in this area in the 1955-1960 period, and the results

showed that the normal methods for pulling single crystals from the melt were un-

suited to use with CdS because of the high melting temperature of the compound, and

the high vapor pressure of the component materials (_ 100 atm.) at this temperature.

Hence the vapor-phase crystal growth process as developed by Reynolds remained the

most practical method for growing large single crystals of CdS. This method is com-

paratively slow (a single furnace run takes several days), and the furnaces required

are large. For research purposes, of course, the process is perfectly good, and with

skillful operation can produce high quality material.

I
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The single-crystal CdS cell work done during the 1955-1960 period was mainly signifi-

cant in developing contacting techniques and barrier formation methods which have

since been applied to thin-film cells. More recent work with single-crystal cells has

largely been directed toward investigation of the extrinsic photoresponse mechanism.

Single crystals have been used to permit tighter control of the cell fabrication processes,

and elimination of artefacts introduced by the film growth process, so as not to obscure

effects which may give clues to the mechanism of cell operation. While this is a

justifiable technique, it must still be applied with care, as evidenced by the widely

divergent results which have been reported by different groups who have done research

in this area. Even with single-crystal starting material, the cells which are made may

have very different properties depending on the fabrication processes used. The

validity of applying to thin-film cells conclusions arrived at from results obtained with

single-crystal cells has therefore to be carefully checked in each individual case.

The approach can be valuable when applied with care, and the results of Shiozawa's

work in elucidating cell mechanisms by combining results from single-crystal and

thin-film cell experiments are good evidence for this.

Much of the same analysis can be applied to the results which have been obtained with

single-crystal CdTe. The early interest served largely as a spring board for the thin-

film cells work which followed. The material is considerably better suited for use in

thin-film cells than most compound semiconductors, whereas it is difficult to obtain

good quality single-crystal material. Thus the main justification for recent work on

single-crystal Cdi_e cells has been as an adjunct to thin-fiim cell work, to provide

guidance towards improving the efficiency and reliability of these cells. Because

there are no major uncertainties concerning the mechanism of cell operation, the

application of single-crystal cell results to thin-film cells is easier than in the case of
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CdS. It is anticipated that future work on single-crystal CdTecells will be only for
research purposes, to support the thin-film cell work, andthere appearsno reason for
initiating work aimed at developing single-crystal CdTe cells for practical application.

Cadmium selenide (CdSe)is the remaining H-VI compoundwith which single-crystal
photovoltaic cells have beenmade. The same crystal growth difficulties as for CdS
are met with in CdSe,so that vapor growth of single crystals has also beenused for this
material. The cells made haveall beenbarrier-layer devices using metallic or de-
generate-semiconductor (Cu2Se)blocking contacts, since this material forms only one
conductivity type (like CdS). Again, conventional efficiency analyses and practical
experience combine to indicate that further work with this material is very unlikely to
be fruitful.

A host of other compoundsemiconductors exist, a few of which have beeninvestigated
experimentally for use in solar cells, but for most of which no work has beendone.
Of the former, ZnSandSiC have muchwider bandgapsthan are advantageousfor solar
energy conversion, and for SiC the materials technology is made particularly difficult
by the refractory nature of the material. For these and for other unexplored compound
seniconductors, onemust conclude that there exists at present no logical justification
for initiating work aimed at making solar cells of these materials. This situation may
changeif the multiple-transition solar cell is found to be practicable, or if a materials
technology breakthrough is madewith any of the compounds. However, work aimed at
making such a breakthrough is considered to have sucha large cost to success-
likelihood ratio as to benot logically justifiable at the present time.

I
l

l

I
I
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E. THIN-FILMCELLS

In an evaluation of results which have been obtained with thin-film solar cells,

the usual criteria are naturally applied, such as reduction of device cost, increase in

conversion efficiency, and increase in service life. In addition, an objective of much

thin-film cell development has been an increase in the power-to-weight ratio. How-

ever, this criterion must be applied with discrimination, _ince in some cases devices

have been made which offer high power-to-weight ratios but only modest efficiencies

(less than 5_). The most natural application of thin-film cells is to large arrays gen-
erating 100 W or more. But if low efficiency devices are used, such arrays become

very large, leading to potential problems in deployment, vehicle attitude control, and

drag.

Light-weight deployment systems with low rigidity would compound this problem. Such

array considerations are strictly beyond the scope of this work, but it is felt that they

ultimately provide the criteria by which device performance is judged, and although

most of these criteria are well appreciated by device workers, one must conclude from

some results which have been published that the need for high power density in thin-

film cells has not been stressed sufficiently.
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1.ComparativeStudies

Before beginning a detailed analysis of individual thin-film cell types, it is felt that

a comparison between the three major cells will provide a perspective in which individual

performance can be judged. The three cells in question are those based on cadmium

sulfide (CdS), cadmium telluride (CdTe), and gallium arsenide (GaAs).

Although some early work has been performed towards thin-film silicon solar cells,

this material, being an indirect semiconductor, is clearly not a suitable material for

thin-film solar cells, unless some other absorption mechanism can be utilized. CdS

and CdTe are compounds made from elements in group IIB and VIA of the periodic

table, and are hence termed II-VI compounds. For a similar reason, GaAs is termed

a III-V compound. This classification is useful, since the properties of the II-VI com-

pounds exhibit characteristics in common, and sharply different from those of the

III-V compounds. From the point of view of the present discussion, the most important

difference between the two groups is the ease with which thin layers of the compounds

can be formed. This arises from the greater volatility of the elements comprising

group IIB of the periodic table (Zn, Cd, Hg), compared with that of the IIIA elements

(Al, Ga, In).27 The least volatile IIB element, Zn, has a vapor pressure almost nine

orders of magnitude higher than the most volatile IIIA element, In, at the same tem-

perature. Since the evaporation of these compounds proceeds by dissociation into the

elements followed by their evaporation, the volatility of the elements determines the

temperature at which it is necessary to run a vacuum evaporation source. Most im-

portantly, however, the same consideration governs the minimum substrate tem-

perature at which good crystallinity will be obtained in a deposited film. This occurs

because the substrate must be at a temperature sufficiently high that atoms which are

not bonded initially into a crystallographically correct position on the growing surface

(which will in general be a position of minimum potential energy) can be re-evaporated,

or have sufficiently high surface mobility to move to a correct position. For this

reason, thin films can be deposited from the II-VI compound with the most volatile

components, CdS, by vacuum evaporation from a source at a conveniently low tem-

perature onto a substrate at a temperature which is also relatively low, 200-300°C •

hence plastic substrates are possible for CdS cells. CdTe, with a slightly lower

volatility, must use a correspondingly higher substrate temperature, 300-400°C, and

a plastic film capable of withstanding this temperature is not yet available. For GaAs,

the film growth temperature is much higher, 700-800°C for really good results. Ex-

perience thus indicates that certain II-VI compounds are easier to use in thin-film

devices than certain III-V compounds, and in examining the fundamental reasons

underlying this, one concludes that this observation can be extended to all II-VI and
III- V materials.

The active junction formation method, and the nature of this junction, provide a second

point of comparison between the thin-film cell types. It has not been found advantageous

27Other elements exist in these groups, but these do not form semiconducting com-

pounds of potential interest for solar cell fabrication.
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to use diffused p-n junctions of the type used in single-crystal cells in any of the poly-
crystalline thin-film devices. This is again a metallurgy related question, it being
found that solid-state diffusion of impurities, as is generally used to form p-n junc-
tions, proceeds more rapidly along the intercrystalline boundaries than through single-
crystal regions. This expectedresult hasbeen demonstrated experimentally by
Queisser (525). Sincethin films of semiconductor are polycrystalline whenformed
onglassy or microcrystalline substrates, as is normally done, thin-film cells contain
large numbers of grain boundaries. Thus, solid-state diffusion occurs in a very non-
uniform fashion in such material, which leads to junctions of poor quality. These are
generally observedas leaky diodes, the goodjunction area in the single-crystal regions
inside the grains being shuntedby leakage paths occurring at the grain boundaries.
The result is a low Voc value, as was obtained in the work on GaAsthin-film cells,
for instance. It has frequently beenthe hope of those working on the developmentof
thin-film cells that p-n junctions could be formed either by changingthe dopantduring
film growth (oneprocessing step), or by growing successive layers of different con-
ductivity type (two processing steps). This has not so far led to good results, which
appears to be due to the fact that the substrate temperatures during film growth are
sufficiently high to lead to solid-state diffusion. Thus, the junction which would in
principle form by growth of successive layers of differing conductivity type, is in
practice modified by preferential diffusion along grain boundaries, leading to the re-
sults discussed above.

These results haveled the thin-film cell workers to use other types of active junctions.
In principle there are two possible alternatives:

a. a heterojunction, in which a layer of semiconductor is formed of a material
different from that forming the base, or

b. a surface barrier junction, in which a layer of a degenerate semiconductor or

metal forms a blocking contact to the semiconductor by the mechanism dis-

cussed originally by Schottky and modified by Bardeen (see Sections II-C-2

and III-D-2).

In the heterojunction, the semiconductor with the smaller bandgap governs the long

wavelength cutoff of the spectral range of sensitivity of the device, and also the I-V

characteristic, and with it the open-circuit voltage, so that this material essentially

determines the theoretical efficiency of the cell. However, photons abosrbed in either

of the semiconductors generate hole-electron pairs which can be separated by the junc-

tion and thus contribute to cell output. In the barrier-layer cell, however, photons

which are absorbed in the metal or degenerate semiconductor are not expected to con-

tribute effectively to cell output, since the minority carrier diffusion length in these

materials is extremely small. Some contribution to cell output will occur, due to

photoemission, but this is mostly small in comparison with the output due to ab-

sorption of photons in the base semiconductor.
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The difference between these two types of junction may account for differences in be-

havior of some thin-film cell types. Assuming that the "1067" model of CdS cell op-

eration is basically correct, the device would be of the heterojunction type, and car-

riers generated by photon absorption in both the Cu2S and the CdS are collected and

contribute to cell output. Since the Cu2S has a bandgap narrower than that of the

CdS (1.2 eV, 2.4 eV, respectively), the Cu2S determines the Voc and spectral re-
sponse range of the cell, as is observed experimentally. However, in the GaAs

cells, photons absorbed in the barrier layer material (platinum, or cuprous selenide)

do not contribute to cell output. Although this does not explain all of the difference in

efficiency between these two cells, it is a major contributory factor. The CdTe cells

appear to behave as barrier-layer devices, since the major spectral response of the cell

is that of the CdTe, although the Cu2Te is a semiconductor with an energy gap smaller

than that of the CdTe (1o 0 eV vs. 1.45 eV). This indicates that the Cu2Te does not

contribute to cell output. However, Cu2Te is an indirect bandgap material, with a

low optical absorption constant in the range of photon energies between 1° 0 and 1.45

eV. Thus the thin layer of Cu2Te which exists in the thin-film cells does not absorb

enough photons to contribute effectively to cell output, even though the minority car-

rier diffusion length may be adequate to give reasonably efficient collection from this

layer. Hence the CdTe cells may indeed contain Cu2Te-CdTe heterojunctions, as

proposed by Cusano, even though the spectral response of the cells is not that of the

Cu2Te. In this case, however, the Cu2Te bandgap may determine the Voc value as has
actually been observed with dip-processed cells (but see the discussion later on this

point). This implies that an alternative to the Cu2Te-CdTe heterojunction, such as a
wider bandgap semiconductor heterojunction, or a metal-semiconductor barrier, might

provide higher efficiencies in the CdTe cells. In practice this may not be possible,

since the Cu2Te-CdTe heterojunction appears to provide a low density of leakage paths

and other degrading mechanisms, in addition to being compatible with the graded

copper-doping region at the CdTe surface, which apparently aids the collection ef-

ficiency. This point is further discussed below.

It would be desirable to compare the measured performance of the best cells of each

type with theoretical maximum efficiency values, derived from analyses of the type

described in Section IV-A-2. For each of the major thin-film cell types, however,

the structure is not sufficiently well known for a theory to be capable of describing its

predicted behavior, and any attempt at accurate comparison would reflect more on the

inadequacy of the model chosen than on the lack of development of the cells. However,

sufficient knowledge of the working of the cells exists to allow an estimate to be made

of their ultimate efficiencies, provided some assumptions are made. This has been

done for the three thin-film cell types, and the results are displayed in Table XII.

Before discussing the implications of this data, the assumptions underlying the vari-

ous calculations shall be given. These are sufficient to allow the reader to perform
the same calculations.

The experimental data for each cell type were obtained from the published I-V curve

for the most efficient cell made, extrapolated to an illumination intensity of 140 mW. cm -2.

The extrapolation proceeded by the following steps:
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TABLE XII. COMPARISONOF THEORETICAL AND EXPERIMENTAL
EFFICIENCIES IN THIN-FILM SOLAR CELLS

Cell
Material

CdS

CdTe

GaAs

Cutoff
Wavelength

10,500
(Cu2S)

8,500
(CdTe)

8,750
(GaAs)

Data

Type

Experiment

Theory

Experiment

Theory

Experiment

Theory

Experiment

Theory

Experiment

Theory

Experiment

Theory

Jsc

(A- cm -2)

34xi0 -3

51xi0-3

0.67

24x10 -3

39x10 -3

0.62

21x10 -3

41xi0-3

0.52

Zo

(A. cm 2)

7x10-11

10-14

2.2x10 -12

10-19

4.7xi0 -II

10-16

V°c F
(V) (%)

0.50 0.69 8.35

O.73 O.85 23

0.68 0.81 0.36

0.58 0.65 6.5

0.95 0.89 21

0.61 0.73 0.31

0.50 0.57 4.2

0.84 0.87 21

0.60 0.65 0.20

a. from experimental Voc and Jsc values, Jo was obtained from:

-qVoc

Jo = Jsc exp kT
(132)

This step therefore assumes A = 1 in the diode equation. Although this is

known to be not a valid assumption, it has been made for two reasons:

it is common experience that Jo and A depart from theoretical values

in such a way as to compensate each other, and thus efficiency cal-

culations are not greatly affected.

(ii)values of Jo and A are almost never published, so that some
unifying assumption must be made to allow comparison between
different cells.
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b.

Co

Jsc at 140 roW. cm -2 was calculated by directly scaling the experimental Jsc

value. This step assumes that the short circuit current varies linearly with

light intensity and that the R s effect can be neglected. This assumption is

necessary since R s values are not normally published for cells. In the best

cells of each type, Rs effects are not very large, and this assumption does not

cause a disproportionately large loss of accuracy compared with other ap-
proximations in the calculation.

From the Jo and Jsc value at 140 mW. cm -2, Voc at 140 mW.cm -2 was calcu-

lated from the inverse of equation (132):

J
kT sc

- In (133)
V°c q Jo

d.

The assumptions here are the same as those in paragraph a., above.

The fill-factor F was calculated from the published experimental curve, and

was then used in conjunction with the extrapolated Voc and Jsc values to cal-
culate an extrapolated experimental efficiency at 140 roW. cm -2. This also

makes the assumptions of paragraph b., above, although the remarks on the

error introduced do not necessarily apply, since the effect of R s is much

larger near the maximum power point, and is generally not negligible in even
the best thin-film cells.

The theoretical calculations were performed as follows:

a. Jo was calculated from Shockley's diffusion theory, using data on carrier

lifetimes and mobilities as measured for silicon, but with Eg appropriate to
the cell under consideration:

(i)

(ii)

For CdS cells, the Voc was taken to be governed by the energy gap

of the Cu2S , with Eg = i. 2 eV, and other semiconductor parameters
as for silicon.

For CdTe cells, Eg = 1.45 was used, since the device appears to

behave as a p-n homojunction in the base CdTe (See discussion below),

and_n = 300 cm 2 (V. s) -1, _Zp = 30cm 2 (V- s) -1, minority
carrier lifetime 10-8s.

(iii) For GaAs cells, Eg = 1.35 eV was used, as appropriate to the base
rn..,ta,'inl wil:h It = 3000 ,.m 2 iV • _-1 iJ = g_/t r.m 2 (V • _-1
............ J ...... "11 -" • " -' _ '--p ......... I

and minority carrier lifetime 10 -Ss.

The results of the calculations were rounded to the nearest order of magnitude,

since the assumptions employed here do not justify higher accuracy. It was
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b.

assumed that the Jo values for the junctions in these cells were roughly the

same as those of homojunctions in the material with the bandgap used. This

is a gross assumption. This assumption is the major contributor to the un-

certainty of the end result, and this loss of accuracy arises directly from the

present state of junction theory for these devices. It is interesting to find

that if Jo for the CdTe cells is calculated with the assumption that Voc will be

limited by the Eg = 1.04 eV bandgap of the Cu2Te, then theoretical values of

Jo and Voc are obtained which are surpassed by the actual measured values.

This may be taken as supporting evidence for the opinion that the CdTe cells

operate either as CdTe homojunctions or metal/CdTe barrier junctions.

Jsc was calculated by numerical integration of Johnson's AMO sunlight spectrum

over the range of energies greater than the bandgap of the material assumed to

determine the spectral response of the cells, using response edges rounded for

convenience in integration, as shown in Table XIII (526). It may be noted that

the calculation procedure up to this point is essentially that used by Loferski (185),

but the treatments differ with regard to the spectral distribution used, and hence
there are small differences between the numerical results. This calculation of

Jsc assumes:

(i) zero optical reflection at the cell surface.

(ii) no loss of photons by absorption in grids or barrier layer.

(iii) 100% collection efficiency for photo-generated minority carriers.

These assumptions are of course not met in practice, but in the ideal cell these
losses are absent.

c. Voc was calculated from Jo and Jsc using equation (133), it being assumed that
in principle a cell can be made with A = 1 in the diode equation.

d. F was calculated numerically from the resulting I-V curve, it being assumed

that the ideal cell has R S = 0.

e. _7 was calculated from Voc, Jsc and F.

TABLE XHI.

Base

Material

CdS

Cd Te

GaAs

SPECTRAL RESPONSE FOR THIN-FILM CELLS

Cut-off

Material

Cu2S 10,500

CdTe S, 250

GaAs 8,750

Response
Edge (A)

I
I
I

I

I
I
I

I
I

I

I
I

I
I
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Table XII also provides a comparison between theory and experiment, the performance

of the operating parameters in the best experimental cell being expressed as fractions
of their theoretical values.

It will be recognized that the calculation procedures employed here provide only a rough
estimate of the potential cell efficiencies. However, it is believed that this allows useful
comparisons between the cells to be made.

Table XII indicates that no single parameter dominates the efficiency losses of any of the

cells. Further, it will be seen that the CdS cell outperforms (on a relative basis) the

CdTe cell in all respects, and the CdTe cell outperforms the GaAs cell similarly. For

the CdS cell, the data indicate that F has probably reached the point where further ad-

vances will be hard to achieve, whereas improvements in Jsc and Voc may be more

easily obtained. However, this would assume that this cell's method of operation

does not preclude the possibility of reducing Jo and increasing Jsc: further progress

in investigations of the mechanism of the CdS cell would be of great help in casting

light on this question, a point which is taken up below. The same remarks regarding

the attainment of improved Voc and Jsc values apply to the CdTe cell, though in this case

_t may be more realistic to suppose that F can also be improved.

For the GaAs cell, the situation is very different, however. Measurements on real cells

showed that the poor relative performance of Jsc could be accotmted for very largely by

surface reflection (20% of photons reflected} and by absorption in the surface barrier
layer (30% of photons absorbed). This gives a collection efficiency for the remaining

photons which is comparatively high. Table XIV shows a "balance sheet" for Jsc in
the GaAs thin-film cell.

TABLE XIV. EFFECT OF LOSS PROCESSES ON Jsc FOR GaAs
THIN-FILM CELLS

I

I
I

I
I

Parameter Theory Real Cell

Theoretical Isc (m_A. cm -2)

Absorbance of surface

Transmittance of barrier film

Transmittance of grid

Collection efficiency
I I

Realized Isc (mA" cm -2)

41

1.0

1.0

1.0

1.0

41

41

0.80

0.70

0.95

0.95
] I

21

I
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This points up the great advantageinherent in the ability of the CdScell to use the
photons absorbed in the barrier layer to generate cell output (assuming the basis of
the 1067model to becorrect). The comparatively low value of F for the GaAs cell
probably reflects thedegrading effect of Rs. Onenotes that this would be likely to
get worse in larger cells, and it should be pointed out that the areas of the experi-
mental cells on which Table XII is basedwere very different (0.7 cm2 for the GaAs
cell, 1.8 cm2 for the CdTe cell, 12cm2 for the CdScell).

This brings us to afinal point of comparison between the various thin-film cells.
Taking the power available from a single device as a basis for measuring the state
of development of the cell type, Figure 93hasbeen prepared. The ordinate displays
(power available under 100 mW.cm-2 sunlight) as a function of (development time) in
years on a logarithmic scale. The curve for silicon cells has been inserted for ref-
erence: it includes the developmentof dendritic cells. The starting point of research
on some cell types is somewhatarbitrary: the dates chosenhavebeen indicated, and
the reader may feel inclined to modify the curves shownto fit his predilections. It
will be noted that initial work on the CdSthin-film cell was donemuch earlier (1954)
than the starting-date indicated on the figure. This cell type was quite different from
that in use today,andhence this "false start" has not beenindicated on the CdSde-
velopment curve. The GaAswork may well represent a similar "false start", but
this cannot be proved or disproved at the present time. A conclusion which can be
drawn, however, is that further work on GaAs thin-film cells should not be pursued
unless a quite different approach is taken. Possibilities along these lines are dis-
cussedbelow.

It should be noted, however, that Figure 93 is strongly influenced by the fact that the
data presented for most of the curves is taken from work on experimental cells, and
the progress is determined to a large degree by increases in cell area. Although it
has beenfound possible, in thin-film cells work, to trade off area against efficiency,
the picture presented in the figure may be considered to be biased by the choice of
experimental cells. For this reason, the dashedcurve for production type silicon
cells has been included, for reference purposes. One may wonder whether the ac-
cent on large areas in thin-film cells has in fact beenpremature, and that more
emphasis on efficiency would have beenuseful, in view of this comparison.

2. CadmiumSulfide

Research on CdS cells is unique in thin-film cell research in that there have been

most of the time at least two groups at different laboratories working in the field. This

has led to a competitive atmosphere, and one might be tempted to ascribe the compara-

tive success which has been achieved to this factor. However, the relationship is prob-

ably more akin to the proverbial "chicken and egg" situation, since one might also ex-

pect more groups to enter a more promising appearing area of research. Nevertheless,
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it seems that the comparatively rapid rate of innovation which characterized work durin_
the 1961-1965period may have beendue to the desire to beat or meet the competition by
introducing changesaimed at making a device which would be more acceptable to the
user.

A goodexample of this is the use of plastic substrates. Thesewere difficult to work wit
and gave poor results initially, and it would have beenmuch easier to continue the use of
molybdenumsubstrates. However, the RCAgroup felt it was worth putting effort into
obtaining special plastics and demonstrating the feasibility of the concept. The Clevite
group found it had to pursue the more difficult path also, andby perseverance both
groups finally succeededin making cells onplastic substrates with efficiencies almost
as high as those on molybdenum.

It is also interesting to consider the speedof dissemination of information despite ef-
forts aimed at preventing competitors from learning about new processes. The rapidity
with which know-howof the dip process for making barriers spread, is a goodexample
of such dissemination, together with the very common mode of travel: personnel transfe_
Thus, the conclusionforces itself to the surface that, particularly where work is spon-
sored by government agencies, research results might just as well be fully reported,
thus properly fulfilling the obligations acceptedtogether with the public's money for
research.

On the other hand, it is clear that the goodprogress which hasbeen achieved on the
CdScells, is due in goodpart to the support which has beengiven to the research by
the companies involved. All of the groups which have been involved in this work, at
Clevite, Harshaw, NCR, and RCA, have received considerable support from company
funds, and the governmentwork has certainly benefited from this. Examples are the
use of plastic substrates (developedby RCAon internal funding), and the invention of
the dip process (originally discovered by Cusanoat General Electric in the course of
research onphosphors).

In looking at the alternative paths which the various groups have chosento follow,
several points appearworthy of discussion.

During the period 1965-present, the Harshaw and Clevite groups have used different
methods for providing collector grids. The Clevite group has selected to continue
using electroformed grids attached with various adhesives, whereas the Harshaw
group hasused grids deposited by electroplating through apertures in photo-resist
masks. The Clevite group has achieved considerably higher conversion efficiencies,
from which it might be implied that the Harshaw approach was unsuccessful. How-
ever, the reason for investigating electroplated grids was the stability problem which
is at least partly connectedwith the use of the pressure- or adhesive-attached elec-
troformed grids. Although progress has been made in reducing this problem, it has
not yet been alleviated, and the Harshaw approach may still prove to be superior. In
considering the likelihood of this happening, one observes that the plating proces by
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its very nature might be expected to be difficult to apply to the CdS cell, for the fol-

owing reason. The cell structure is such that the plating current must cross the cell

active junction. The current density for normal plating practice ( 1 - A. cm-2) is much

higher than that at which the Harshaw group saw long-term changes in the cell I-V

characteristic (0.1 A. cm-2), and degradation of the cell characteristic by this process

is a distinct possibility. (If the cell were an n/p device, instead of p/n, the junction
would be reverse biased during plating: one has to be thankful that the cells are of the

polarity they are.) Thus, some compromise had to be made between plating process

requirements and cell degradation during the grid application, and this may be related

to the present difficulties with the efficiencies of cells made with electro-deposited
grids.

There exists a third alternative for grid formation: vacuum deposition. All of the

groups involved in CdS cell research have tried to use this method at one time or

another, and all have found that the process can lead to low efficiency cells, because

of leakage across the junction. The fact remains, however, that this method is much

more practical as a production process than the use of electroformed grids attached

with adhesive, and in addition holds the promise of providing stability without the junc-

tion degradation associated with the plating process. One cannot help feeling that de-

termination of the type shown in developing the use of plastic substrates might also

lead to positive results in the development of vacuum-deposited grids. A point worth

bearing in mind is that there exists a very wide range of variables in the vacuum

deposition process, including material, evaporation source, deposition rate, and sub-

strate temperature. This wide variety of possibilities increases the chances of finding

a workable process, and recent results from the RCA work on vacuum-deposited grids

indicate that progress is possible in this direction.

Both Clevite and Harshaw have used the cuprous ion dip process as their "standard"

technique for forming the active junction since 1964. This method was a considerable

advance over earlier processes, and although alternatives have been sought more

recently, they have in no case given better results than the original process. One al-

ternative has given very encouraging results, however, and further investigation of

this appears justified. This method involves the use of organic solutions for the dip

process, and was originally used by the RCA group during early work, and has been

more recently investigated by the Harshaw group during 1967. The number of possible

processing variations is large, and the elimination of water from the processing cycle

may be valuable in improving stability.

It would be desirable to eliminate "wet" processing steps from the CdS thin-film cells

manufacturing method, to allow all cell fabrication steps to be performed in one en-

vironment (e.g., vacuum), thus allowing semi-automatic processing schedules to be

developed. The chemiplating process has given notably more efficient cells than such

methods as vacuum deposition of Cu2S or metal barrier layers onto the CdS surface,

and it is interesting to speculate on the reasons for this. The Clevite and Harshaw
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groups have studied thegrowth process of Cu2Son CdS, and it appears from their
evidence that in the region of the interface between the CdSand the Cu2S, the crystal
structure is essentially continuous. The junction is probably not abrupt, a progressive
changein composition from the copper-rich surface to the cadmium-rich bulk material
taking place. This may be a major reason for the high collection efficiency for the
minority carriers generatedon either side of the junction: if an abrupt junction were
present, interface states wouldbe expectedto form which could act as recombination
centers, leading to a reduction in collection efficiency, and possibly to poor diode char-
aeteristics based on the mechanismdiscussed by Shockley (seeSection IV-A-1 above).
The solution growth process canbe expected to operate close to equilibrium, so that
the resultant Cu2Sgrowth provides material which is near to crystallographic perfec-
tion. This situation is analogous to experience with thin-film deposition systems from
vacuum or from the vapor phase: the nearer the growth process is to equilibrium, the
more possible it is for atoms which are deposited in a crystallographically unfavorable
location to either move to a better (lower potential energy) location, or to leave the
substrate again. Onenotes that although slow growth is a necessary condition, it is
not sufficient. To achievesimilar equilibrium conditions in vacuum deposition would
require higher substrate temperatures. At these temperatures, however, interdiffusion
of the constituents of both substrate and deposited material takes place, leading to side
effects in the resultant structure. Thesedo not arise from the low temperature chemi-
cal deposition process. It has to be concludedthat it will probably be difficult to find a
better alternative to thedip process for making the active junction in CdSthin-film cells,
although developmentof such analternative would be desirable.

The question of the stability of the CdSthin-film cells has been one of the major prob-
lems from the earliest work. Initially, it was believed that the observed degradation
was due wholly to moisture affecting the CdSjunction, and that suitable encapsulation
would eliminate this. Although encapsulantshave beendevelopedwhich largely alleviate
the problem, the results are still variable. In addition, vacuum-thermal cycling has
beenfound to lead to degradation by causing loss of adhesion betweenthe grid and the
barrier layer. Again, suitablc choice of adhesive and grid material has beenfound to
reduce the problem. However, despite considerable effort on this aspect over
several years, elimination of the degradation problem does not appear near. Past
experience indicates the value of independenttesting of cells for degradation, the data
produced by NASA-Lewis, Boeing, and Lincoln Laboratory (434, 435) being more re-
vealing than those produced by the cell manufacturers. What has beentried in the
recent past was the production of sufficient numbers of cells with tightly controlled
manufacturing processes (to eliminate the variability seen previously with degradation
measurements), to allow statistically significant numbers of cells to be life-tested.
These engineering data must, however, be supplementedwith research into the causes
of the degradation: there has recently beena noticeable move in this direction with the
establishment of Shiozawa'swork at Clevite. Past experience has also shown that by
the time the necessarily time-consuming degradation testing has beencompleted, the
cell processing or structure has beenchanged, so that stability data have never been
available for the current cell type. This situation must change before the cells can
find application in spacevehicles. In concluding this discussion of the stability prob-
lem in CdS thin-film cells, one notes that experimental results have established that
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Hill and Keramidas' fear that all the cells may be inherently unstable is in fact un-

grounded. However, their proposal that ion motion plays a part in cell degradation

when it does occur is not disproved. Since such motion accounts satisfactorily for

many of the observations on CdS cells, further examination of this point would be
valuable.

Particle radiation testing has established that the CdS cell shows good radiation re-

sistance compared to 10 _-cm n/p silicon cells: this result is as expected, and further

discussion does not seem worthwhile. However, UV radiation testing has produced

more worrisome results. Ithas been well established that the presently used Mylar

lamination darkens rapidly under orbitalconditions, to degrade cell output to near

zero values within less than a year. The only solution found to thisproblem so far

has been to substitute Kapton for Mylar, but thishas resulted in a reduction of cell

output by 20-25% because the Kapton absorbs an appreciable proportion of photons in

the spectral sensitivityrange of the cell. Spakowski has proposed the use of a thin

Kapton coating to act as a UV shield on regular Mylar-encapsulated cells. However,

results obtained with this type of construction have not been forthcoming. The Clevite

group has reported that itis evaluating alternativeencapsulants to solve the UV prob-

lem. Since delivered cells with Kapton encapsulation have shown efficienciesof only

about 4%, which would be almost certainly too low for space application, it appears

that the future of CdS cells depends on solving thisproblem, too.

The present mylar-encapsulated cells show efficienciesin the 5-6% interval. This ap-

pears to be marginal from the point of view of space application, since although the

power to weight ratio is good (> 100 W-Ib-1), the power per unit area is less than one

half of that of silicon cells. This leads to problems in array design, for the reasons

outlined in the introduction to thissection. The presently used manufacturing processes

appear, however, not to be the same which gave the most efficientcells in the labora-

tory. The reason for the selection of the present process seems to be difficulty experi-

enced in achieving control in the other processes, so that more reproducible results

could be obtained by using the process which leads to lower-efficiency cells. Therefore

it appears that, although increase of efficiency is not the most critical item at this time,

work aimed at obtaining control of the high-efficiency processing methods would be
wo r thwhile.

Itis also for the objective of efficiencyimprovement that research on the cell mecha-

nism is necessary. In the firstplace, an understanding of the device operation will

outline the areas in which efforts at improvement of the conversion efficiency can be

most fruitful. This is illustratedby the improvements in silicon cells achieved through

the provision of grids, through making the diffused layer as thinas possible, and through

the provision of antireflectioncoatings: each of these areas for improvement was pin-

pointed by comparison between experimental measurement_s and theory. Secondly, an

m]dei_standing of the cells should lead to an estimate for the ultimate efficiency of the CdS

cell, which would in turn indicate how much effortitwould be worth putting into attempts

to improve efficiency. Itis for this reason that the recent work of Shiozawa's group at
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Clevite, and of Potter at NASA-Lewis, is considered to be the most significant advance

in several years in the thin-film CdS cells field. This has provided, so far, the closest

model of cell operation, and further research will be of major importance to fill in the

details of the energy band structure, and to relate this structure to the cell manufacturing

processes.

There is a point at which the 1067 model, and the explanations of its operation given by

Shiozawa and by Potter, appears to require closer examination. Data given by both

Potter and Shiozawa show that the effect of green bias light on the cells is to increase

the spectral sensitivity in the red region of the spectrum. Both explain the effect in

terms of photoconductivity induced in the intrinsic CdS layer by the green light. Such

photoconductivity undoubtedly occurs, as is evidenced by the measured decrease of

series resistance under illumination, However, the illumination levels in the mono-

chromators used for measuring spectral response are much too low for the Isc to be

series-resistance limited during such measurements. Rather, the increase in Isc

caused by green bias light must arise from an increase in collection efficiency. In

fact, the 1067 model as proposed by Shiozawa provides a mechanism for this. Re-

ferring to the band structure as shown in Figure 73b, it will ge seen that the change in

conduction band shape in the intrinsic region under green light illumination is such that

motion of the electrons through this region will be field-assisted. This will decrease

the transit time of the electron through this region, leading to a reduction in the proba-

bility of recombination. This explanation of the effect of green bias light can also be

taken as evidence supporting the difference between the 1066 and 1067 models, since

the 1066 model would not produce a major effect of this nature.

This leads to the final point to be discussed with respect to CdS cell evaluation. Com-

parisons between CdS cells and silicon cells indicate that the area where the CdS cell

can compete most effectively is in cost per unit power output. At the present price of

$15 per cell, this is approximately $45 W -1, compared to the silicon cell cost of

$60-$80 W -1. It seems that the price of the CdS cells would have to come down a good

deal further to offset the extra cost of array structure and deployment mechanism needed

for the larger CdS array, compared to a silicon array of equal generating capacity.

A much larger cost reduction would be needed for CdS film cells to find significant ter-

restrial application. The present situation with regard to comparative costs of solar

and conventional electrical power generation for terrestrial application was reviewed

by Wolf (527) and by Duffie and L_f (528). It was shown that if cell costs could be re-

duced to $10.W -1, photovoltaic power would be competitive for small remote-location

use, but that cell costs of $1.W -1 would be needed for direct competition with conven-

tional power in normal industrial or domestic use in developed countries. This realis-

tic cost requirement necessitates that CdS cells be manufactured by automated mass

production systems which are unlikely to be developed in the foreseeable future. This

also implies that, during this period, the costs for space cells will not decrease sig-

nificantly because of increased production for terrestrial applications. There are some

points to be made which may overrule such exclusive cost considerations, however:
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a. thermal pollution from fossil fuel or nuclear generating stations is already a

problem, and will increase proportionately with power generation in the

future. Photovoltaic systems cause no thermal pollution.

b. certain loads, notably airconditioning, are particularly suited to operation by

_ solar power sources, not requiring power storage.

In view of these considerations, it would appear unwise to rely, for cost reductions,

on commercial sources to provide funds for research purposes or developing large

volume manufacturing processes for large-scale terrestrial application of CdS solar
cells.

Aside from processing variations, one further method is available for the reduction of

array cost. One half of the price of an array arises from the assembly and intercon-

nection processing needed. An appreciable cost saving could therefore be made by

reducing the assembly steps needed to go from cells to arrays. This could be achieved

either (a) by increasing individual cell areas, or (b) by making cells already connected

into submodules by the cell fabrication processes. The 55 cm2 Clevite cell is a move

in the first direction, and the group is reportedly working on still larger cell areas

(100 cm 2 and greater). There is no doubt that the cells presently made by Clevite

provide a major step towards array cost reduction, but there is a limit to the amount

of progress which can be made in this way. The 55 cm 2 cells produce currents close

to 1A, and reducing cell series resistance to a sufficiently low value is already a prob-

lem which has been solved only with difficulty. Although cell areas could be increased

by making larger cells in a geometry which essentially puts smaller cells in parallel,

the series resistance problem still exists, being then concentrated in the interconnec-

tions. Also, array reliability could then become questionable because a single short-

circuit could prevent output being obtained from an appreciable portion of the array.

A way around this problem is contained in the second approach, using a cell fabrication

technique which allows the formation of submodules of series-connected strings of cells

during cell fabrication. Output from a series-connected string would be lost if an open-

circuit occurred in one cell, but experience shows that with CdS thin-film cells this is

much less likely than the development of short-circuits. The series-connected inte-

grated array would therefore provide a more reliable format than a parallel-connected

array (or its equivalent as a single cell), and by the same token, a higher production

line yield should be obtained.

At RCA, a group under Hui has been working towards this objective, but full success

in achieving the desired result of semi-autemated processing would involve developing

barrier-formation and grid-formation processes which are based on vacuum depositions.

Although versions of such integrated arrays have been made at RCA with processes

similar to those used at Clevite, achievement of the ultimate cost savings can not be

e\_oected from this method because of the need to removc thc submodules from vacuum

to apply the dip process for making barriers, followed by manual application of the

collector grids. In principle, these processes could also be automated, but with greater

343



difficulty and probably at the expenseof longer cell processing time. Besides, ex-

perience has shown that for the cell quantities needed for space power systems, hand

operations are still cheaper, since the required mechanization processes are neither

simple nor of low cost.

If all fabrication could be done by semi-automatic processing in a single vacuum sys-

tem with multiple evaporation sources, these conditions would be more readily met.

To realize this, successful development of vacuum processes to replace the barrier-

formation dip process and the manual grid application will be needed. However, the

potential of the concept is great, and makes it attractive as a longer-term development

project.

One omission has been noted in reports of CdS processing, and its absence provokes

thought. Almost all etching processes are to some degree electrolytic in nature, and

the ion exchange reaction used to form the Cu2S barrier almost certainly involves

electrical surface activity. In view of the marked effects which illumination has on

the electrical properties of CdS, it seems remarkable that the effect of light on the

barrier formation process, or the etches associated with this, should not have been

examined.

In conclusion, it is observed that the work on CdS thin-film solar cells has been one

of the most promising fields in photovoltaics development for some years, but that the

empirical attempts to improve the cells of the past must give way to more direct re-
search towards understanding cell operation and degradation mechanisms if good

progress is to be obtained in the future.

3. CadmiumTelluride

In contrast with the CdS thin-film cell work, CdTe has not elicited widespread

interest for solar cell research, the GE group originally under Cusano having been

almost alone in the field since the inception of work in 1960. Good progress was main-

tained during the early phases, this early work possibly being aided in part by tech-

niques developed by Cusano during investigations of phosphors and other semiconductors

during the late 1950's.

Of all the proposals which have been made for thin-film cell types, the CdTe cell

probably makes the strongest case on paper:

a. The bandgap is close to optimum for matching to sunlight, thus providing high

theoretical efficiency.

b. The material is a "direct" semiconductor, thus allowing a device to be made

from a very thin layer of CdTe.

c. Thin films can be made both n- and p-type with reasonable semiconductor

properties.
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The early work, during 1960, was directed towards establishing these fundamental

points, and the results gave a logical justification for pursuing the development of the
cells.

This groundwork laid, attention was focused on developing CdTe layer formation

methods. This was again a logical stop, which was pursued in the right direction,

that is towards layers being formed from the elements. Such a process should re-

sult in much lower manufacturing costs than one which uses the compound as the start-

ing material. Add to this the fact that the equipment used for the CdTe layer growth

did not require ultra-high vacuum or an ultra-clean working environment, and one can

conclude that this early situation looked very promising indeed.

The use of the molybdenum substrate during the early work was justified. The ma-

terial has the required metallurgical properties, in that it allows high-temperature

processing, and is resistant to attack by the other materials used in cell fabrication.

Its coefficient of thermal expansion matches that of CdTe reasonably well, thus mini-

mizing problems such as delamination of CdTe from the substrate, and curling and
cracking of the Mo/CdTe composite. In addition, it is readily available in the re-

quired thin foil form, and is more easily handled than many foils because of its high

strength and elasticity (cf. aluminum or copper, which wrinkle and crease easily

when in thin foil form). However, molybdenum foil is expensive (comparable with

or higher in cost than silver foil), and is heavy, with a density of 10.2 (cf. A1, den-

sity 2.6). Although recent work has enabled the foil to be thinned by etching after cell

formation, to give very thin substratos providing higher power-to-weight ratios, the

application of such a technique on a production scale could be costly.

Recognizing this fact, the GE group has recently re-opened the question of alternative

substrate materials. It is unfortunate that the processing temperatures needed for the

formation of reasonably crystalline CdTe layers ( 400 - 450°C), are beyond the range

over which the present high-temperature plastics (e. g., the polyimides used in the

CdS cells work) could be used. Progress toward the use of plastic substratos has to

await the successful outcome of research at one of the chemical companies, where

research on high-tomperature plastics is proceeding, unless a lower-temperature

deposition process for CdTe can be developed in the meantime. Under these circum-

stances, the decision to try to use a lighter metal, such as aluminum, for the sub-

stratos, appears reasonable. Although the GE group has not stated explicitly why cells

on aluminum substrates have shown low efficiencies, it may be assumed that the

A1/CdTe interface provides a high-resistance or even non-ohmic contact. This prob-

lem was also met with molybdenum substrates, but a solution was found. Although

the same solution, the use of a CdS intermediate layer, may not be applicable to the

aluminum substrate, there are plenty of alternatives available: the In2Te 3 used by the
Harshaw v_rouD, to give low l,lv,_^/,_AT_,_u1_ contact resistance might be a use_,,l_ start. It

appears that efforts to overcome the difficulties which have been encountered in this

area are especially worthwhile, and should be continued with determination.
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I_cturning to the early GE work, the final point to be discussed is the barrier formation
process. The CuC1dip method, used since the very earliest stages, has beenfound to
be a practical methodfor making the active junction, and goodprocess control has been
achieved.

Perhaps more significantly, the use of a graded-conductivity CdTesurface layer to im-
prove cell efficiency was also initiated. The action of this surface layer, in providing
a field which aids in minority carrier collection throughout the region where most
photons are absorbed, is well understood, and provides further theoretical support
for the belief that the CdTe thin-film cell should be a viable device. The development
of methods for controlling the thickness of this layer, during 1962and later, andfor
obtaining an adequatelyuniform field, is one of the major achievements of the GE
work. Comparable process control in _heformation of vapor-grown layers of silicon
or gallium arsenide hasbeenachieved only with great difficulty, involving a much
greater research effort which hasbeenpursued widely in the electronics industry.
The ability to achievesuchprocess control in the deposition of CdTe layers is a
further practical reason for feeling that research on CdTe thin-film cells is worth-
while.

The successful replacement of the electroformed metal mesh collector electrode by a
vacuum-deposited gold grid structure, during the 1962-1964period, was a highly de-
sirable development, in view of both cost and reliability, by providing a process more
suited to production-scale methods, andby avoiding difficulties such as have arisen in
the CdScells with separate meshes attached with adhesive. However, the vacuum
evaporation process limits the thickness which can be achieved in the grid lines to
about 1-2 tzm, since thicker layers tend to peel from the substrate. This is a general

phenomenon, and arises because vacuum-deposited layers contain built-in stresses.

These stresses are separate from effects caused by differential thermal expansion,

and appear to arise from the crystal growth processes occurring during film forma-

tion. Although the use of special alloys, or of multi-layers of different materials in

which compressive and tensile stresses alternate and hence cancel each other, can

avoid the problem, these solutions are expensive and may be difficult to make com-

patible with other constraints on the system. The GE group has borne the limitations

in grid layer thickness in mind throughout their work, and this consideration deter-

mined the choice of the present cell geometry, a 4" x 1" cell with a busbar along the

long dimension, thus keeping the conduction path length in the grid lines within reason-
able bounds.

Up to 1964, good progress was achieved, with a fair rate of innovation and improvement

of cell efficiency and area, from the 1962 figure of 6% for a cell of less than 1 cm 2, to

the 1964 figure of 4.6_ (maximum) and an area of over 50 cm 2. During 1965, however,

the move towards pilot-line production started. Perhaps because the CdTe cell was

competing with the CdS cell, when the latter moved to pilot production, the CdTe work

was also pressed in this direction. The present situation seems to indicate, however,

that entering the pilot production phase with thin-film CdTe cells was premature. In
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the succeeding period, innovation has been less noticeable, and cell efficiencieshave

not improved. This would not be important ifthe average efficienciesof pilotline

cells were higher, perhaps 5%. While an initialdrop in yield and product perform-

ance upon transfer to pilot-production is to be expected, due to the learning curve of

personnel involved, sufficientrecovery has not been achieved, even after a period of

several years. Whether this is due to too great a difference in personnel and ap-

proa _h of the production group, to insufficient communication between the research

and production groups, or to over-selling of the research cells, will not be really

possible to determine. Taking the move toward pilot-line operation as a fact, how-

ever, a constructive look at the present situation is in order.

Two fundamental problems face the CdTe cells today: efficiency and stability-. The

efficiency of cells must be at least 5% before consideration of application becomes

possible, and 8% or more before it becomes probable. Assuming that research-type

cells have actually been made with efficiencies in this range (there might have been a

measurements problem), optimism should be indicated. The problem then would

simply be one of establishing reproducible processes corresponding to those on the

research cells. This may not be an easy task: for silicon solar cells, it has taken

about 5 years, with substantial production going and many man years of effort. In

any case, the pilot line effort should be augmented with substantial reserach to illu-

minate and understand the problems encountered. The current work aimed at de-

veloping methods for obtaining more uniform CdTe layers is undoubtedly of value

here, but taken alone is not enough.

Completely different approaches are also not to be overlooked. Research results with

/_gNO3-treated substrates, which provided patchy results, but some very good cells

during_-1965, indicate another possible line of attack. The mechanisms underlying

the effect _ various substrate treatments on the cells could also be a fruitful field

of investigation. A different approach to barrier formation processes could also be

profitable, especially in view of the French results with vacuum-deposited Cu2Te

layers. Although the efficiencies seen with junctions formed by this process have

not so far been as high as those with the dip-formed barriers, the results indicate

considerable potential. In addition, a vacuum-deposition process would have advan-

tages for manufacturing, in potentially allowing CdTe deposition, barrier formation,

and grid application, to be performed on a semi-continuous schedule. Re-investigation

of the type of dopant used to form the graded carrier concentration in the surface

region also appears to be potentially fruitful although the GE group has already done

considerable work in this area. The hoped-for improvement in cell efficiency could

arise from the elimination of copper from the CdTe, since this dopant not only pro-

vides the necessary donor levels, but probably also has deeper energy levels in the

forbidden band, which can act as recombination centers. As long as the Cu2Te bar-

rier layers continue to be used with processing schedules which include significant

.... _ ._._ can take place, it seems unlikelyh_ting, so that diffusion of copper _.to the _A_

that advances from elimination of copper doping in the rest of the cell could be realized.
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The fact remains that CdTe ought in principle to yield good solar cells, and the ex-

perimental work which has been done shows that the technology is easier to handle

than that of many other semiconductor materials.

Efficiency and stability might be simultaneously obtained from further attention to the

anti-reflection coating methods. Again, this is a field which has received wide study

in the past. Experience both here and in the CdS work definitely indicates that plastic

eneapsulants provide much better protection from moisture degradation than do inorganic

coating materials, although this is in contrast to experience with silicon devices. Good

results were obtained with alumina (A1203) as regards anti-reflection effects, but as-

sured stabilization against moisture degradation was not forthcoming. Up to this

point, experience indicates organic coatings to be more likely to produce good sta-

bility. It appears that more investigations of such organic materials for the CdTe

cells are needed. A potentially fruitful approach may lie in evaluating the epoxy used

in the CdS cell lamination process, since this appears to have proved effective in com-

bating moisture penetration. (Itis possible that this material has in fact already been

evaluated by the GE group, but it is not possible to determine this from reports, since

the epoxy has not been identified by the Clevite group.) Just as for the CdS cells, it

appears that research into the details of the degradation problem could also do much

to guide the present largely empirical attempts to provide cell stability.

In summary, then, it must be stated that the present situation in thin-film CdTe cell

research appears disappointing in view of the early promise of this device. However,

the introduction of a lightweight substrate, together with the achievement of efficien-

cies in production cells comparable with those seen in research, could enable these

devices to provide the CdS cells with some stiff competition. It should also not be

overlooked that total research and development funding spent on CdTe as a material,

as a semiconducting device, and as a solar cell, is very much smaller than that spent

on CdS.

4. Gallium Arsenide

On superficial observation, the situation of the GaAs thin-film solar cells looks

very similar to that of the CdTe device. Closer scrutiny, however, reveals some

fundamental differences. The RCA work on thin-film GaAs cells has been virtually

the total effort in this field, the French interest having disappeared rapidly when the

problems of obtaining good semiconduction properties in GaAs films became apparent.

Of course, the other thin-film cell types (CdS and CdTe), provided a competitive
stimulus.

The theoretical advantages of GaAs as a thin-film solar cell material (good bandgap

match to sunlight, and "direct" optical absorption) were well established before work

on the cells began. From the start, therefore, the work was aimed at solving prac-

tical problems. These mainly centered on the technological difficulties of working

with GaAs, including:
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a. the high temperatures necessary for film growth (_700-_00°C, compared to

300-400°C for CdS, and 400-500°C for CdTe).

b. making thin layers with reasonably low resistivity and high carrier mobility
and lifetime.

c. making low-resistance ohmic contacts to the material.

The first problem to be tackled during the early work was the development of methods

for preparing thin layers of GaAs. The vapor-transport method settled on was cer-

tainly the best available at the time. However, the process requires high purity

wafers of the compound as the starting material, which would have made it unprac-

tical for application on a production basis which includes maintenance of acceptable

costs. However, the choice was justifiable for research purposes, it being reason-

able to suppose that the general interest in developing methods of producing epitaxial

GaAs would have pointed the way to a cost-effective process for making thin-film

solar cells, by the time these reached the production stage. This expectation has

already been partially justified, since excellent epitaxial GaAs growth methods are

now available. There can be no doubt that the continued attempts throughout the

duration of the work to develop better GaAs growth methods was an important aspect

of thin-film cells development, and that even the negative results of most of these

attempts contribute to the presently available stock of knowledge. However, there is

accumulating experience that the technology of III-V compounds, including GaAs, is

intrinsically more difficult than that of the elemental semiconductors and II-VI com-

pounds. This will make the achieven_ent of low-cost GaAs devices more difficult.

As for the CdS and CdTe cells, the choice of molybdenum as a substrate material was a

reasonable one for research purposes, because of its metallurigical properties and its

availability. Again, the intent was reasonable to substitute aluminum foil, a lower-density,

lower-cost substrate material, at as early an opportunity as possible. Whether the actual

attempt to do so was undertaken too early may be debated. Also, the particular choice

of aluminum caused some processing problems, since its low melting point(660°C)limi-

ted the GaAs growth temperature, which in turn led to difficulty in obtaining good crystal-

linity and adequate electronic properties. Although adequate GaAs-layer crystal quality

was eventually obtained, the material was never electronically good, as evidenced by the

minority carrier diffusion length estimates made from collection efficiency and barrier

width measurements. The limitations imposed by the substrate would probably prevent

any substantial improvement in GaAs quality, provided the vapor transport deposition

process was continued to be used. Investigation of alternative GaAs layer growth methods

was therefore of importance to the substrate problem, too.

Since there can be no foreseeable expectation of developing a plastic substrate capable

of withstanding the GaAs la_,er growth temperatures, the only alternatives are metal

foils. None can compete with aluminum for low weight, low cost, and availability,

but titanium might be a possibility in providing a compromise between aluminum and
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molybdenum, with goodhigh-temperature capability. An immediate difficulty with
titanium is posedby its disintegration on heating in hydrogen, so that it could not
withstand the GaAs layer growth ambient. The substitution of a noble gas for hy-
drogen in the furnace might be a possible approach to solving this problem.

The early work showedthat the use of solid-state diffusion to form the active junction
was not possible, becauserapid diffusion along the grain boundaries led to leakage
across the junctions. In spite of considerable improvements in the quality of the
GaAs layers during the course of the work, this initial result was confirmed by later
attempts to form diffused junctions. Although this is disappointing, it is in agreement
with the experience of others with diffusion in polycrystalline materials, andwas
therefore not unexpected. The use of a heterojunction or barrier-layer type of cell
must thus be considered the natural approach to a thin-film solar cell. The results
of others in attempting to form heterojunetions using GaPon single-crystal GaAs
base material indicated that the epitaxial growth of related III-V compoundswith
larger bandgapswas unlikely to yield good results, and the investigation of alterna-
tive metals and compoundscovered a wide range of alternatives. The two possi-
bilities which this search turned up, platinum and non-stoiehiometric cuprous
selenide Cul. 8Se, provided what seemto be the best representatives for the two
possible approaches using metal films for making barrier contacts, and p-type
semiconductors for making either heterojunetions or, if highly degenerate, effec-
tively barrier contacts. To pursue these two alternatives in competing projects was
a reasonablemove. As it turned out, the p-type semiconductor was degenerateto
sucha degree that the cell with this type of junction acted, in effect, also as a
metal-barrier contact cell, so that the efficiency of the devices from both approaches
dependedon:

al the optical-transmission/series resistance combinations which could be

achieved by the barrier contact film in conjunction with metallic contact

grids: this in part determined the Isc and fill factor obtainable, and

b. the surface states which could be induced by a combination of etches and the

surface barrier layer deposition process: this determined the Voc.

Given the barrier layer material, the improvement of cell efficiency by the first-

listed factor is a problem in optimization with two major variables (barrier layer

thickness and grid line spacing), and this optimization process appears to have been

investigated fairly thoroughly, though only by empirical means.

The second factor (the provision of a desirable surface condition) can only be inves-

tigated empirically at the moment. The situation reached quite early in the work was

that barrier heights sufficient to give low efficiencies (3_ or less) could be achieved

reproducibly and without much difficulty, but the only method discovered for im-

proving on this performance (post-barrier etching) led to unstable cells. In spite

of an attempt to analyze this phenomenon, an understanding of its mechanism was
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not achieved. Whether a more extended research effort into the effect would have had

beneficial effects is an open question. The fact is that surface state effects are in

general little understood, and a research effort adequate to give an understanding of

the effects seen in the solar cells would be costly, particularly since the polycrystal-

linity of the semiconductor may well have complicated the situation considerably.

A further point is that a semiconductor surface which has been prepared with a special

set of surface states to give a desired result is not only difficult to achieve reproducibly,

but is also easily "poisoned" by reaction with its environment. It follows that the re-

producible fabrication of cells needing a special surface condition would not only re-

quire very clean manufacturing facilities, which could be costly, but, more important,

the stabilization of such cells against degradation could be difficult to achieve. This

is not to say that efforts to make such cells have to be doomed to failure, since it

might be that a barrier-forming material can be found which will provide both a

stable condition and a high surface barrier.

In considering the decision to discontinue work on GaAs thin-film solar cells, it has

to be concluded that this was the correct course to take in view of the problems facing

the work. If, in the future, the technology of deposition methods for GaAs advances

to the position where thin layers can be formed at reasonable cost over large areas

(_ 50 cm 2 in place of the present _ 1 cm2), this decision would be worth reconsidering.

In examining the work done by the French group in the area of GaAs thin-film cells,

one can only regret that the difficulties in GaAs material preparation are so great as

they are. The evidence produced by diverse groups has been consistent in demon-

strating that vacuum-deposition techniques for forming thin films of GaAs do not

produce material having useful semiconductor properties.

5.OtherMaterials

This section will deal with work on thin-film cells made of other materials. In

addition, various materials shall be considered which are potential candidates for use

in thin-film cells, but on which no work has been done.

Attempts to make thin-film cells using silicon were criticized on theoretical grounds

right from the start. For the reasons described in Section IV-D-l, the optical prop-
erties of silicon are such that the cells must be made of several mils thickness if

large losses in efficiency are not to occur. Since single-crystal silicon cells can

now be made at reasonable cost with thicknesses minimal for reasonable efficiency,

thin-film silicon cells offer no weight advantages. Although the growth of thin layers

of polycrystalline material offers potential cost-saving advantages over the use of

single-crystal waEers, considerable experience has now accumulated to show that

these cost-savings are unlikely to be achieved in the near future. In addition, the

polycrystallinity has been shown to lead to lower efficiencies by reducing minority
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carrier diffusion length andby leading to non-uniform solid-state diffusion fronts in
the junction-formation process. It is concludedthat although an investigation of the

potential cost savings of thin-film silicon cells was justified, further work in this

area is unlikely to yield useful results.

One of the more promising cell materials, which has received a little attention, is

cadmium selenide (CdSe). The energy bandgap of this material is 1.7 eV, rather

higher than the optimum for solar energy conversion, but nevertheless giving an

indicated theoretical efficiency of over 207_. Optical absorption measurements show

a sharp rise in absorption constant for photons with energies greater than Eg, so

that the material fulfills the fundamental requirements for thin-film cell use. The

Harshaw group under Heyerdahl gave considerable attention to making thin-film

cells of CdSe, and made appreciable progress in obtaining physically suitable con-

figurations. However, the electrical quality of the cells was found to be inadequate,

and it was concluded that the material always gave low Voc values, for reasons un-

known. Komashchenko and Fedorus of the USSR have recently reported results on

single-crystal CdSe cells which show confirmation of this, having Voc values of

300-350 mV (see Section IV-C-6), and yet having appreciable efficiencies (3%). It

appears that an investigation of CdSe thin-film cells would be justifiable if other types
of thin-film cell did not exist. There exists now no evidence to indicate that this cell

would have significant advantages over the CdS or CdTe cells. Thus, in the context

of the present situation, work in this area cannot be recommended.

In reviewing the work done in the US on CdSe thin-film cells, one will realize, with

surprise, the close limitation of the effort. For instance, alternatives to the dip

process for junction formation were not examined. The Russian work on single-

crystal CdSe cells appears to have been more extensive. In particular, cells have

been made with barrier layers of vacuum deposited metals and of cuprous selenide.

Two groups have taken a brief interest in Cdl_xHgxTe cells, one at GE Laboratories

(under the CdTe thin-film cells work), and the other in France. Such work is difficult

to justify on theoretical grounds, since the addition of HgTe to CdTe moves the bandgap

value away from the theoretical optimum for solar energy conversion. The work could

only be justified by hoping that, contrary to theoretical expectation, the Jsc increase

caused by reducing the bandgap and moving the spectral response to longer wave-

lengths would not be offset completely by the loss in Voc value which would also ac-

company a reduction in bandgap. The work shows that this hope is not fulfilled, so

that further work could not be justified on practical or theoretical grounds.

Virtually no work has been reported on thin-film cells made of III-V compounds other

than GaAs. Candidate materials with bandgaps in the right range for good solar energy

conversion are aluminum antimonide (AISb), gallium phosphide (GAP), and indium phos-

phide (InP). Results with both A1Sb and GaP indicate that the technologies of these ma-

terials have special problems which make then unattractive for use in thin-film solar

cells; for an account of these, see Section V-D. InP appears to provide fewer tech-

nological difficulties, although it is typical of a III-V compound in being more difficult
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to deal with than the II-VI semiconductors. However, recent results with single-

crystal cells prepared by Galavanovts group in Russia (see Section IV-C-3), in which

conversion efficiencies up to 6.7% were seen, could be taken as encouragement for

work on thin-film InP devices. However, there seems little doubt that any program

aimed at developing such cells would be required to make heavy investments in de-

veloping the material technologs_ of InP. It is, of course, an open question whether

or not such investment would be worthwhile, but drawing on the experience of the

GaAs work, one must conclude that there is no logical justification for a research

program in this area.

One material remains which deserves brief discussion: selenium. Work on selenium

photosensitive devices in thin-film form has been in progress since the last century,

and it must be assumed that the technological aspects of this material have reached

a state of maturity. Since the bandgap is not suited to solar energy conversion, there

appears to be little reason to hope that cells can be made which are noticeably more

efficient than the 1% value presently seen in photodetectors.

This concludes the evaluation of past research on thin-film solar cells. Suggestions

for future, potentially fruitful, investigations, based on this evaluation will be found

in Chapter VI of this report.

F.ADVANCEDTOPICS

1.OrganicMaterials

The work which has been done on photoeffects in organic materials has established

conclusively that these compouads are potentially capable of generating power by the

photovoltaic effect. With the demonstration of this potentiality, work has been sup-

ported by the USAF, aimed at further examining the possibilities. This work has had

two principle objectives:

a. elucidating the electrical conduction and photosensitivity mechanisms in

organic materials, and

b. identifying specific compounds which can be employed in making useful

devices.

For a summary of government-funded projects in this area, see Table XXI in Ap-

pendix III.

Although a great deal of work remains to be done, it appears that an understanding of

why organic semiconductors should not eventually be used as the basis of practical
energy conversion devices. It remains, therefore, to find the right materials for the
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job, hence item (b)above. An evaluation program which synthesises andpurifies
candidate compoundsand measures their properties appears to be the right approach
to this task. Using the guidelines of goodelectrical conductivity and photosensitivity,
this search neednot be wholly random, and this has beenthe approach followed by the
various groups working in this field. Although a material really well suited to energy
conversion has apparently not yet beenfound, the results which have beenachieved
indicate that progress is being made, and that it may be only a question of time before
goodcell efficiencies are obtained. The advocatesof organic solar cells point out
that the number of candidate compoundsis so large that it seems certain that one with
the necessary properties will be found.

There are various criteria aside from conversion efficiency which must be applied to
evaluating possible solar cells, however. Many of these may be regarded as "second-
generation" problem areas. However, one which we wish to emphasize in regard to
organic cells is stability. It can be anticipated, in the light of past experience with
organic materials suchas dyes and plastics, that organic solar cells may be sensitive
to both UV and particle radiation. The degradation causedby such irradiation can
proceed by two mechanisms:

a. chemical bondsare broken, so that molecules break downinto their constit-
uent groups, or

b. chemical bondsare rearranged, often resulting in a polymerization reaction.

Polymerization is determined by the overall structure of the molecules involved, and
is difficult to predict in advance. Breakdown of molecules should be easier to pre-
dict, since the bondstrengths in a molecule can to a large degree be predicted in ad-
vance from measurementsof the behavior of the same bondin other molecules. This
is because the major factors determining bondstrength are the groups immediately
adjacent to a bond, andalthough other groups in the same region of the molecule can
have an effect on the bond strength, this is generally small (a second-order perturba-
tion), and can in anycase be estimated in advancealso. Hence, becauseof the
"building-block" structure of organic molecules, a program of experimental measure-
ments to determine the behavior under irradiation of samples of organic materials
containing the groupsand radicals used in making organic photovoltaic compounds,
shouldpermit prediction of the behavior under irradiation of new candidate materials.
At the least, such a series of measurements should act as a guide to identifying pos-
sible compounds. It may even be found that no organic compoundwill be adequately
stable under irradiation, and thus a needless expenditure of a large research effort on
photovoltaics could beavoided. Note that this is not to say that all research efforts on
organic semiconductors should be discontinued in the latter case: the potential value
of semiconduction in organics extends over far wider fields than space power supplies.

The same research proposal covers both organic compounds intended for use as the

base material in solar cells, and those which could be used for sensitization of in-

organic base materials. As noted in the discussion of the multiple-transition solar
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cell (see Section V-B-6 above), the sensitization process may be useful in providing

one of the transitions in this type of cell. Such a possibility must be considered as un-

likely to come to fruition for several years, however, even if the theoretical work on

the multiple-transition cell indicates the feasibility of the device.

In examining the work which has been done on organic photoconductors, it is interesting
to note a problem in communication which has arisen in this work. This has been

caused by the multi-disciplinary nature of the research field, embracing both organic

chemistry and solid-state electronics. Thus, for instance, Nelson's discussion of

photovoltages developed between an organic layer and a CdS substrate appears to neglect

the likelihood that almost any material deposited on CdS will develop a photovoltage

under illumination, arising from the inversion layer at the CdS surface. With growing

interest and increasing experience in this field, however, this type of problem should

become less likely to arise. For instance, reports of photoeffects in organic materials

have recently started to specify the type and intensity of illumination used in the ex-

periments, a point conspicuously absent in most of the early reports.

2. The High,VoltagePhotovoltaic Effect

When this effect was first identified and investigated by the RCA Laboratories

group during 1957, it appeared that it would prove to be very advantageous for use in

power generation systems. As the original workers noted, however, practical

application would require that the device internal impedance be reduced sufficiently

that reasonable Jsc values could be achieved. When efforts to improve the efficiency of

the devices, by searching for other semiconductors and by evaluating alternative fabri-

cation techniques, failed to bring results, interest in this area quickly waned in the US.

This was the logical reaction, under the circumstances, and nothing has occurred since

to indicate that the cessation of work was premature. Indeed, the recent Russian re-

sults show that the expenditure of effort in this field would be most unlikely to be worth-

while, from the practical point of view. This calls into question the reasons under-

lying the considerable Soviet interest in this subject in recent years. One can only con-

elude that pure scientific interest in providing an explanation for a curious phenomenon

has provided the motivation for this work.

In evaluating the potential of the effect for the generation of power, some observations

may be made which indicate that practical exploitation of the phenomenon is unlikely.

This is based on the fact that the device geometry is fundamentally different from that

of the normal solar cell: see Figure 94. It will be observed that in the high-voltage

device the illumination must fall on the edge of the active junction, and thus the photo-

generated minority carrier density will be non-uniform across the active junction. In

addition, the collection efficiency is not uniform over the surface of the device, on a

scale comparable with the domain size. Thus, the cell structure cannot be optimized,

"IIIU IL clL[J[JI_.IL'_ 6[Jilt, II* Wlll ;,.;C UJI.LIJ.qL;tiJLb L,V Vk,we.,_l,.LIJ._VVU _SC va,J.t.t_.,i:_, lil_._ uz._r.,t.uv_.4,J.zt,_t._,_.._

can be minimized by use of material with long minority carrier diffusion lengths, but
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b. High-voltage cells

Figure 94. Cross-sections of photovoltaic cells, comparing the active

junction illumination and current flow directions.

experience shows that these are difficult to achieve in the thin semiconductor films

which would almost certainly form the basis for the cell. It is felt that these theoretical

considerations, taken with the practical results which have been obtained with these

cells, indicate that the chances for developing reasonably high efficiencies in devices

using the high-voltage photovoltaic effect are very small, and that re-opening this

area of investigation is unlikely to be fruitful.
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Vl. SUGGESTIONSFORFUTUREINVESTIGATIONS

A.INTRODUCTION

In this chapter, suggestions are made for specific research projects which are

considered particularly worthwhile, based on the evaluation and analysis of the pre-

c.eding chapter. These suggestions are based largely on the cost-effectiveness cri-

terion, and this involves an estimation of the progress likely to be achieved in a given

field. Issue may be taken with this estimation, as with any estimate, and some

readers may consider the views expressed here (and in the previous chapter) as too

conservative. However, it should be noted that an effort has been made to be as

realistic as possible in the estimates given, and to eliminate any undue optimism.

It should be stressed that the analysis and evaluation of the previous chapter, and the

suggestions which are given below, are based on logical methods, involving comparison

and extrapolation. Such processes have no means of indicating the areas where un-

expected phenomena which can be exploited, will occur. For example, a strictly logical

analysis, performed 15 years ago, would probably have indicated that research on CdS

as a photovoltaic material was very unlikely to lead to a useful solar cell. The present

status of the CdS device work demonstrates clearly the limits of such logical analysis.

Future discoveries, just as unanticipated, must be expected, but the solar cell field

is believed to be sufficiently mature for the suggestions made in this chapter to be use-

ful, provided this limitation of the analysis is borne in mind.

The organization of this chapter is somewhat different from that of the previously

presented material. This has been done to permit comparisons to be made between

research with similar goals, and to emphasize the fact that these suggestions are

made towards the achievement of specific objectives.

One further point has been considered in making several of these suggestions. Ap-

proaches to making better solar cells have on occasion received ardent support from

those who have developed them, but have not been generally accepted by others be-

cause of doubt about the validity of the results claimed. An attempt has been made to

single out those ideas which appear to have sufficient merit to warrant efforts at pro-

viding a less partisan evaluation. It is felt that in most instances, such independent

testing would r,'t only serve as a check on the results claimed, but would also increase

the acceptance of the results when proven useful. Such acceptance is important for

making a research expenditure an investment that pays off.

B. IMPROVINGEFFICIENCY

The improvement of conversion efficiency is an aim of primary importance in the

development of solar cells. The suggestions which are made here are arranged in what

is considered to be the order of priority for work in this area. The priority is judged
on a consideration of:
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the effort needed to realize a useful practical result for short-to medium-

term projects (2-5 years)

the likelihood of achieving a useful end product at all in the case of long-term

projects (> 5 years).

1.Silicon Cells

Evaluation of the present performance of single-crystal silicon cells of 12-16 mil

thickness has indicated that the improvement in conversion efficiency which theory

indicates to be possible, could mainly be realized by increasing the collection efficiency

for minority carriers. It has also been shown that the cause of the loss in collection

efficiency in the present cells is recombination, and that the divergence between theory

and practice for this process apparently arises because non-radiative recombination is

occurring to a much greater degree than is theoretically predicted. It is clear the
nature of the recombination centers active in silicon is not well understood, nor

are methods for their elimination known. It is also possible that this nonradiative

recombination is connected with the mechanism giving rise to the presently ob-

served divergence between theory and practice for device I-V characteristics.

Shockley and Queisser have proposed that metallic impurities in Si solar cells are

the cause of this recombination, and have criticized the use of low-quality silicon as

the starting material for solar cell manufacture. Their experimental results in sup-

port of this hypothesis are not wholly conclusive, however, and in addition the results

of Ralph with cells made of high-purity Si indicate either, that initially-present im-

purities are not the cause of the difficulty, or, that these impurities are equally

present in low and high grade silicon.

Hence it is felt that the improvement of efficiency in the currently standard type of

silicon cell can best be achieved by identifying the recombination process occurring in

these devices. Unfortunately, this is virtually a recommendation for an investigation

of recombination in silicon in general: the lifetimes measured in solar cell material

have been as long as those measured in any device using silicon of the same resistivity.

The research should aim at answering the following questions:

a. does the recombination process obey the established theory, or must a new

theory be formulated to describe the mechanism involved ?

b. what is the species involved in the recombination (impurity or lattice defect),

if any ?

c. how does this species become present in the cell, and can this be avoided?

Such a research program would necessarily combine both experimental and theoretical

work. It must bc noted, however, that the achievement of diffusion lengths of 100 um
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in solar cell silicon implies a recombination site density of the order of 106 cm-3. For

a carrier concentration of 1015 cm -3, this recombination site density could hence be

introduced as an impurity of only i part in 109 in the diffusion source. It is clear that

the detection of such low concentrations of impurities in cells is not likely to be quickly

accomplished, so that speedy results will not be expected in this area.

The potential improvement in cell efficiency available from improvement of minority

carrier collection efficiency is large, as indicated by the data in Table X: in principle,

an efficiency of not too far from the theoretical 18.7% (AMO) should be obtained if the

other cell operating parameters (Voc, F) remain at the currently achieved values. Such

a large improvement is of course highly improbable; nevertheless, the value of a rea-

sonable gain (to 14% AMO average efficiency, for instance), would justify a considerable
effort in this area.

A word of caution should be inserted here, however. Radiation damage degrades cell

performance principally by reducing minority carrier lifetime, which is precisely the

factor which has been discussed above. Cells with a high efficiency achieved by long

minority carrier lifetimes can therefore be expected to be especially sensitive to

radiation. Thick shielding could prevent this in some cases, but much of the advantage

of the higher efficiency cells would be lost because of the increased array mass. The

radiation resistance achieved by lithium doping of the cells may be applicable to

higher-efficiency devices: only experimental work in this area can answer this question.

In view of the value of increases in conversion efficiency, this program to improve the

performance of silicon solar cells is considered to be particularly worthwhile. It should

be stressed, however, that refinement of the present cell type has progressed to the

point of diminishing returns. Any improvements possible from this approach will

therefore only be obtained if a breakthrough is made in reducing minority carrier re-

combination site density. This implies that an improved cell may have a structure, or

be made using fabrication processes, which are based on principles different from those

in use today. A project aimed at producing an improved cell by this approach therefore

cannot be regarded as a short-term undertaking. Depending on how rapidly the re-

combination site species can be identified, the project will probably be a medium-to

long-term venture (5-10 years). In the short-term, however, small improvements

can be expected from the application of established methods for increasing collection

efficiency, and it appears likely that this will provide the most efficient solar cells

available up to 1973, and possibly for some years beyond that date.

2. Multiple-Transition Solar Cells

The multiple-transition ce!l is +_ _*"" • _ + -" '........ _ p,,o_ovo,ta,c device which has been proposed

to date which has a theoretical conversion efficiency appreciably higher than that of

conventional cell types. The analysis and evaluation in the previous chapter indicates

that some uncertainty exists with respect to the theoretical background and even more
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with respect to its realization. However, because it has such a large potential, it is
believed that research into this approach is justified.

Since experimental work is so much more costly than theoretical work, and bearing in
mind the theoretical uncertainties which exist in this case, it is proposed that initial
research be aimed at answering these questions :

a. Does present recombination theory indicate that the device can indeedwork
according to the preliminary analysis of Wolf?

Do Assuming the answer to the above question indicates that the cell is in prin-

ciple possible, what are the minimum properties required of the intermediate

energy levels (capture cross-sections, emission probabilities, densities, etc. ,)
to provide useful cell operation?

c. Have such intermediate levels been observed experimentally?

The answers to the latter questions should then be used as a guide to experimental

work, which should, of course, only be undertaken if the theoretical prognosis re-

mains favorable. The experimental work would have the following objectives:

a. identifying a suitable host material/active species combination giving the de-

sired energy level structure, and having the necessary semiconduction and
optical interaction parameters.

b. developing methods for fabricating cells.

This experimental work is expected to be both expensive (1-10 million dollars or

larger) and time-consuming (5-10 years) if practical devices are to be achieved.

(These estimates are based on the experience with the GaAs single-crystal cell de-

velopment work.) However, the theoretical program proposed as a prelude need not

be comparable in cost: $100,000 to $200,000 spent in a 1 to 2 year period should be

roughly the level of effort needed to examine the questions posed within the limits of

the present theory and to augment it with some basic material experiments.

At the time of this writing, the multiple-transition solar cell is believed to be the only

device which has the potential of significantly surpassing the silicon solar cell in terms

of absolute conversion efficiency.

3. CadmiumSulfide Thin-FilmCells

For use on normal space missions (i. e., those not involving extremes of temper-

ature or radiation), the m_st serious near term competitor to single-crystal silicon

solar cells appears to be CdS thin-film cells. However, the efficiency of these is at

the moment marginal for space applications, and it is highly desirable that this aspect

of their performance be improved.
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Experimental cells have been made with efficiencies considerably higher than those of

the present pilot-line cells. It appears that there was a fundamental difference in

processing between the highly efficient cells and those prepared on the pilot-line.

This processing method has not been used on the pilot line because obtaining controlled

and reproducible results proved more difficult than with the processes presently in

use. It appears desirable that this lead be followed up, and that the high-efficiency

processing method be investigated further.

The theoretical efficiency of the cell, as calculated from the tentative model described

in Section V-E above indicates that both Voc and Jsc can be improved by roughly equal

amounts (see Table XII), but that F can potentially not be much increased. To im-

prove Voc and Jsc, and to provide a more accurate evaluation of the increases poten-

tially available, work aimed at improving the present understanding, and hence the

theory, of CdS cell operation is highly desirable. Such work is presently in progress

at Clevite Laboratories, and is believed to be of great potential value. Since the

phenomena seen in CdS cells are strongly dependent on the processing involved in their

manufacture, it appears to be essential that analytical work of this type proceed as

closely as possible in conjunction with a production facility, so that the theoretical re-

sults will correspond closely to real cells. Again, the Clevite work meets this cri-
terion.

This investigation of the cell mechanism ideally would answer the following questions:

a. what is the band structure of the cell?

b. to what I-V characteristic does this band structure lead?

c. what collection efficiency can be expected from this band structure?

d. how can the manufacturing process be altered so as to give a band structure

leading to higher efficiencies ?

e. what is the carrier generation mechanism?

f. what is the collection mechanism ?

The Clevite work has gone a good way towards answering question a., and it is hoped

that answers to the remaining questions will be obtained in the near future.

4. CadmiumTelluride Thin-Film Cells

plication of these cells is to be achieved. In contrast with the CdS cells, the mechanism

and theoretical understanding of this cell is well developed. Hence, the data displayed
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in Table XII is taken to reflect the potential improvement fairly accurately. This shows
that it should be possible to obtain increases in all the operating parameters, Voc, Jsc
and F. Investigation of alternative processing methods to improve these factors ap-
pears to be necessary, and the effort expendedon this device in the near future should
be shifted from pilot line operation to obtain quantities of cells towards achieving more
efficient cells. Onearea which should be pursued in pilot line operation, is the im-
provement of the CdTe layer deposition process, to give more uniform material. Such
work is already in progress, and a successful outcome of this endeavor could do much
to close the rather large gap which at present exists between the efficiencies of pilot-
line and laboratory cells.

5. Gallium ArsenideCells

To improve the performance of single-crystal GaAs cells, the analysis in the pre-

vious chapter shows that the major factor capable of being improved is Jsc, since Voc

of F are already near their ideal values. It appears that the same type of research

program as is proposed for improving Jsc in silicon cells, would be applicable to GaAs

cells too. There is one point of difference, however, in that the minority carrier col-

lection occurs principally from the base region of the silicon cells, whereas in the GaAs

cell, a major contribution to Jsc occurs by collection of minority carriers generated in

the diffused surface region. Because of the small thickness of this region, and the

gradient of impurities existing in it, arising from the diffusion process, research into

the recombination mechanisms in the GaAs cell is likely to be more difficult than in the

Si cell. In addition, it is felt that implementing any proposals made for ways to im-

prove GaAs cells is likely to be difficult because of the incompletely developed tech-

nology available for this material.

Thin-film GaAs cells would need to be improved very considerably in efficiency before

they could be seriously considered for application. GaAs is potentially an excellent

material for such cells, but the growth processes available for forming thin films in

the past led to a material quality which seriously limited the cell efficiency. Any future

work on thin-film GaAs cells must start by developing new methods for making the

base material.

Although improvements in the conversion efficiencies of GaAs cells are clearly pos-

sible, it is believed that the effort needed to achieve such results would be very large.

Hence, work in this area is considered to have a low priority.

C. IMPROVINGPOWER-TO-WEIGHTRATIO

The evaluation of the work on silicon cells and thin-film cells has indicated that

there are at present two primary candidates for satisfying the needs of future high

power arrays -- the thin silicon cell and the thin-film cadmium sulfide cell. The
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thin-film cadmium telluride cell has been found to be somewhat less promising at its

present stage of development. The question of whether the thin silicon cell or the

cadmium sulfide cell will ultimately prove superior cannot be decisively answered at

present because of a lack of understanding of the basic limitations of the cadmium

sulfide cells. On the basis of the presently available evidence it is felt that the thin

silicon cells will probably prove to be the more acceptable from the point of view of

offering the best combination of power per unit weight, power per unit area, and reli-

ability. Consequently, the first general recommendation in the area of improving

cell power-to-weight ratio is that interest in the development of thin silicon cells
should be increased.

1. Thin Silicon Cells

The following specific suggestions are offered as areas which might profitably be

investigated, or in which the continuation of work is desirable, for the improvement of
thin silicon cells°

a. The cause of the anomalous behavior of the short circuit current of the thin

cells, as discovered by Wolf and Ralph, must be determined and eliminated.

The work of Crabb and Treble, and Burrill et al, discussed in the evaluation

section of this report, indicates that the problem may be associated with

defects introduced by cell processing, and that solutions may be obtained

by the proper introduction of impurities. This work provides a basis for

further investigations in this area.

b. The finding of Cheslow and Kaye that the short circuit currents of their

0. 004" thick drift field cells were larger than those of their 0. 004" thick

field free cells should be further investigated. Initial steps in this direction

would consist of a theoretical analysis to determine how much of an effect,

in principle, the inclusion of a drift field will have on the performance of

thin cells and what type of field configuration would be desirable to optimize

performance. Cheslow and Kaye have provided an estimate of the effect for

the specific case of the 0. 004" thick cell in their analysis, which indicates

that an improvement of approximately 20% in collection efficiency could result.

This analysis assumes a constant field and mobility throughout the drift field

region and small signal operation. An analysis including a variable field and

mobility as well as various cell thicknesses would be desirable. This infor-

mation could be obtained by a slight modification of existing analyses. Aal ex-

perimental program incorporating drift fields in thin silicon cells should be

initiated if the results of a more thorough analysis confirm those obtained by

Cheslow and Kayc. It must be remembered that introducing a drift field in-

volves additional process steps and thus costs.
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Co Information on the effects of reflecting back contacts on the sunlight operation
of thin silicon cells is needed. Burrill et al have published data showing ap-

preciable improvement in cells when reflecting contacts are used. Their use

of tungsten illumination in those measurements, unless supplemented by sun-

light calibration for each individual cell, would considerably distort the char-

acteristics of these cells with reference to actual operating conditions. The

effects of these contacts on the effective minority carrier lifetime in the base

region of the cell also require further study.

2. CadmiumSulfide Cells

The cadmium sulfide thin-film cell has long been realized to offer potential ad-

vantages over presently used cells from a power-to-weight ratio standpoint. This has

been one of the reasons for the considerable investment made by government and pri-

vate industry in the development of these cells. As a result of this work, cells having

power densities above 100 watts per pound have been produced. Further advances in

this area are continually sought. One of the important ways in which the power-to-

weight ratio of the present cells can be increased is by improving their efficiency.

Discussions of this approach appear in the preceding section. No fundamentally new

suggestions for deereasing the weight of the cadmium sulfide cells can be given. The

best that can be done is to suggest that work along present lines be continued and to

list those areas of investigation whieh might be emphasized to improve the power to

weight ratio. Only areas offering significant potential for weight reduction are dis-

cussed here.

The cadmium sulfide layer and the Pyre M.L. conductive varnish are the largest

single contributors to the weight of the cell, constituting approximately 37(/( and 26_,

respectively, of the total. The cadmium sulfide layer on present cells is about 20 _tm

thick. Cells were made by National Cash Register on cadmium sulfide layers which

are only 1-2 tim thick, although they were not really good cells (efficioncies of _ 3%).

The NCR group used a spryaing technique to deposit their barrier layers rather than

the solution dip process employed by most other groups. Barriers formed by the

dipping process may give rise to more shorting due to diffusion down the grain

boundaries. The possibility that the crystal structure of the splayed CdS films may

be better (or worse) than that of the evaporated films at thieknesses approaching 1 um

can also not be neglected. The thiekness of the CdS layer on the thin film cells has

gradually been decreasing over the years and a eontinuation of this trend is desirable.

Similarly, reduetions in the thickness of the conducting varnish can probably be toler-

atod and would significantly reduce cell weight; otherwise, replacement by higher eon-

duetivity layers may be indicated.

Another area in which success will lead to a weight reduction is the development of

a viable vacuum deposition or plating process for grid formation. Work on such a tech-

nique has been pointed out as being desirable for a number of other reasons also. The
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! present electroformed mesh grid constitutes only about 10% of the total weight of the

cell so that gains in this region will not be large, however, a small reduction in grid
weight can be realized because grids formed by the above two techniques will not need

cross bars for support as does the electroformed grid. Computations indicate that

the thickness of the grids must be comparable to those of the present mesh for efficient

operation, so that weight reduction through the use of thinner grids is not feasible with

the present cell geometry.

3. CadmiumTellurideCells

The cadmium telluride thin-film cells are felt not to be competitive with other light

weight cells at the present stage of development because of low efficiencies in pilot line

production, and relatively high weight when the molybdenttm substrate is used. Recent ef-

forts to make use of thin aluminum foil as a substrate material may lead to alleviation of

the second problem. The ultimate solution to improving the power-to-weight ratio of the

cadmium telluride cell would be the development of a plastic capable of withstanding tem-

peratures of 400-500°C.

D. REDUCINGARRAYCOST

As arrays get larger in response to heavy power demands it becomes increasingly

important to reduce the cost per unit power output of the array. There are two regions

within the sphere of array cost which are relevant to this discussion of photovoltaic

cells: the cost of manufacturing the cells and the cost of assembling and connecting

the cells into an array. Other areas will not be treated. In general it can be stated

that more application of automated techniques will be needed if future space missions

require huge quantities of solar cells. A number of the processes involved in silicon

cell manufacture have not been amenable to automation in the past. Solutions to these

problems could become a necessity in the future, if much larger quantity production

should be required.

1. Cell Cost

One way to help in reducing both cell and array manufacturing cost (i. e., cost

per unit power) is to increase cell area. The resulting savings in handling cost can

be considerable, especially in the array assembly area. Both thin-film and silicon

cell technologists have been responsive to this fact and have attempted, with varying

degrees of success, to produce large area cells. The thin-film cell work has been

higMy successful along this line and recent information indicates that they may be

cost competitive with present silicon cells, despite their relatively poor efficiency.

Of the various techniques for producing large area single crystal sheets of silicon,

the dendritic growth technique appears to be the only one having a reasonable prospect

of yielding a practical lower cost process in the near future. The following suggestions

for decreasing cell cost are not new, but it may be interesting to see them summarized.
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a. In the area of thin-film cells, it is felt that realization of the ultimate in cost
savings hinges on the developmentof a capability for complete cell processing
in a single environment, thereby allowing automatedfabrication. There are
two techniquesworthy of consideration. The first is the all vacuum approach,
which is anextension of the present thin-film cell technology. The major
problems which prevent the present technology from evolving into an all vacuum
technologyis the lack of the process for successfully depositing barrier layer
and grid contacts in vacuum.

The secondpossible approach is the all air or gaseousenvironment approach.
Present barrier formation techniques are compatible with such a technique.
Developmentwork on the formation of a suitable semiconducting layer (CdS)
and the deposition of grid lines is necessary for this approach. For the
deposition of the semiconductor layer, the screen deposition and sintering
technique used by RCA in photoconductor manufacture, and the spray tech-
nique of National Cash Register and RCA suggest themselves.

b. The silicon dendritic cell approach needsadditional work on the control of the
dendritic growth process so that material of uniformly goodquality can be
obtained, and oncost reduction for the process. Present irregularities and
poor quality not only appear to affect cell yields, but also to contribute to
handling problems which necessitate cost special processing. If the growth
process cannotbe brought under better control, low-cost dendritic cells may
not be realized.

2. Array AssemblyCost

The assembly of extremely large arrays of solar cells could benefit from the de-

velopment of automated or semi-automated mounting techniques to keep cost and as-

sembly time within reasonable limits. Repeated attempts in this direction have been

undertaken in the last 10 years, but general exploration of the possiblities in this realm

is not within the scope of this discussion. Gne suggestion, however, is that a con-

siderable proportion of the assembly effort could be eliminated if cells could be pro-

duced in the form of integrated submodules. The above mentioned semi-automated

thin film sub-module production would be ideal for this. With the proper masks, ar-

rays of series and/or parallel-connected cells could be produced in one continuous

process. Unfortunately, processes for continuous fabrication of cells are not presently

known. However, integrated arrays could be fabricated by present techniques at costs

which should be comparable to present silicon cell cost. Savings in array assembly

costs might thus be realized. It is suggested, then, that development of techniques

for fabricating arrays or sub-modules, consisting of a number of interconnected cells

on a single substrate, should be undertaken.
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E. REDUCINGCELLDEGRADATION

1. Silicon Cells

At present, the approach which appears to offer the most promise of achieving

higher radiation resistance in single-crystal silicon solar cells is by the use of lithium

doping. Work aimed at elucidating the mechanisms which give rise to the observed

phenomena is believed to be of particular importance if confidence in the application

of these devices is to be established. This is an area which is being actively investi-

gated at the present time, and it is hoped that the present rate of progress can be
maintained.

More conventional approaches to minimizing the effect of radiation damage, as by

using the n/p configuration with junction depth minimized to increase the blue response,

are still worthwhile. The evaluation of this area of research, described in V-C above,

indicates that improvement in radiation resistance can in principle be obtained by

making cells with shallower junctions, and hence it is proposed that further work be

done towards applying and further developing the methods outlined by Mandelkorn for

making junctions appreciably shallower than in the present commercial cells, and for

fabricating suitable contacts to these cells.

These objectives could be met by a modest, short-term development effort ($50,000-

$100,000) over a half to one year period to be followed by production methods develop-

ment. The potential applicability of this approach in all silicon cells makes the effort

well justified.

The comparative radiation resistance of the thin (4 mil base) cell compared to the nor-

mal silicon cell is inherent in the device geometry, for the reasons discussed in the

previous chapter. The effect of adding a drift field to improve the efficiency of the thin

cell should provide an additional improvement in radiation resistance: this is also dis-

cussed in the previous chapter. Thus the proposed program of work aimed at bringing

4-mil thickness drift-field cells into general use because of power-to-weight ratio and

conversion efficiency advantages, will lead to a comparatively radiation-resistant cell.

Another degradation problem in silicon solar cells has recently been found. Although

little is yet known about this problem, it is characterized by a loss in conversion ef-

ficiency of arrays assembled from solderless cells (i. e., cells with Ag-Ti evaporated

contacts, but not solder-dipped) with cover-glasses attached with silicone rubber ad-

hesive. Since solderless cells have a demonstrable advantage in saving weight, it is

desirable that work be initiated to identify the mechanism giving rise to the observed

phenomenon, and to develop methods for preventing the degradation. This would ap-

pear to be a short- to medium-term problem, and there appears to be no reason to

--,,_v_ _,_ _mln_un u- me pru_m _a,muL be acmeveu_' wiLhin 2 to 3 years.
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2. Thin-Film Cells

In principle, the same situation as for 4-mil silicon cells exists for thin-film cells,

but to an even larger degree. Because the active region of thin-film cells is very nar-

row, the devices are inherently resistant to particle irradiation. As these cells ap-

proach application, engineering data on their behavior under irradiation will of course

be needed, and in particular, the radiation effects on the encapsulation materials will have

to be investigated. Such work has been done on a piece-meal basis in the past, and no

special problems have been noted.

The plastic-encapsulated thin-film CdS cells can only be made resistant to UV radiation

at the present time by encapsulation with Kapton, which, however, absorbs photons in

the spectral sensitivity range of the cell. It is proposed that a search be initiated

specifically aimed at finding a plastic film which combines the required optical trans-

mission with UV radiation resistance and suitable mechanical properties. Searches of

this type have been performed in the past by those involved in the cell development,

but a direct project at one of the laboratories engaged in plastics research, might be

more likely to be successful in this direction.

The degradation in performance of CdS thin-film cells on storage and on temperature

cycling is likely to prove a far tougher proposition. It has been asserted that the

newest method of cell fabrication has solved this problem, and it appears that a portion

of the recent cells are reasonably stable provided the temperature cycling does not

exceed the range of -100 to +60°C. However, this is not unequivocally true for all

cells, so that a sustained testing program to provide a continuous analysis of the uni-

formity and stability of pilot line production cells is required. The testing performed

at NASA-Lewis and at Boeing, as reported by Spakowski, and at Lincoln Laboratory,

appears to be a sound approach to providing the needed information, and it is urged

that such programs be continued.

The solution of the stability problem, however, inevitably falls upon the cell manu-

facturers. An understanding of the mechanisms leading to the degradation will be

needed, as evidenced by the present work of the Clevite group. It is urged that this

work be pursued Vigorously.

Evaluation of the work on the CdTe thin-film cells' stability indicates that work aimed

at solving the humidity degradation problem is urgently needed. This is being tackled

at the present time by an evaluation of various encapsulating methods to prevent moisture

penetration into the active region. In the absence of an alternative approach, this work

should be continued. The combination of this search with that proposed for the CdS

UV-resistant encapsulant could prove beneficial, and should minimize duplication of

e ffo ft.
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3. OrganicMaterials

In the evaluation and analysis of work on cells based on organic materials, it was

proposed that future work in this area be guided by the results of radiation damage

studies. Accordingly, it is suggested that, in the immediate future, such studies be

the only work in the field of organic semiconductors. The following objectives should

be included in such a research program:

a. to examine the effect of particle and UV irradiation on specimens of photo-

sensitive organic compounds.

Do to determine whether or not general rules can be formulated to predict the

behavior under irradiation of a compound containing given radicals and
structural bonds.

c. to provide recommendations to guide in the choice of candidate compounds

for use in organic photovoltaic cells.

The necessary information may in fact be obtainable from published studies of radiation

chemistry not specifically related to photosensitive materials. Even if experimental

work is required, however, it appears that the initial premise on which this suggestion

is based can be proven or refuted by a short-term (1 year) low-budget ($100,000) effort,

and the needed information can be assembled by continuance of the same level of effort,

should the concept prove useful.
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GLOSSARY OF SYMBOLS FOR APPENDIX !

A empirical constant in the

diode equation

B JL/Jo

C composite parameter introduced

for convenience and defined in

the text

F fill-factor

F s approximate fill-factor

J current density

JD diode current density

JL light-generated current
density

J maximum-power-point
rap

current density

J ' approximate maximtun-power-

mp point current density

Jo reverse saturation current
density

Jsc short-circuit current
density

k Boltzrnann's constant

P power

q electronic charge

R S series resistance

T absolute temperature

V voltage

Vmp maximum-power-point voltage

V t approximate ma.ximum-power-
mp

point voltage

Voc open-circuit voltage
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APPENDIXI

ANAPPROXIMATEANALYTICALEXPRESSIONFORFILLFACTOR

1.StatementoftheProblem

It is experimentally convenient to state the performance of a solar cell in terms of

Voc, Jsc, and F. The Voc and Jsc can be easily related to theoretical treatments, but

this is not true for F, since there is no explicit expression giving this in terms of

other cell parameters such as JL, Its and Jo- This arises because the equations which

must be solved to obtain the maximum power point in terms of the cell parameters are

transcendental, and can only be solved numerically or graphically. Although this is a

straightforward problem, it is time-consuming and inconvenient, and it would fre-

quently be useful to employ an explicit expression giving approximate Vmp , Jmp, and
F values. The derivation of suitable expressions is described below.

2.DerivationofaSolution

The equivalent circuit of the solar cell which will be analyzed is as shown in Fig-

ure 95. Shunt conductance across the cell output is not accounted for, since this has

negligible effects in experimental solar cells of good quality. The I-V characteristic
of the diode is taken to be:

(e qV 1)JD = Jo xp _-_ - (134)

This leads to the cell having the I-V characteristic:

J = Jo xp _ (V - JRs) - - JL (135)

The power generation density in the cell is

P = V x J (136)

and by combining equations (135) and (136) P can be expressed in terms of either V or

J alone. P can then be maximized by finding the stationary points by the usual tech-

niques, which unfortunately lead to transcendental equations in this case. Inspection of

the I-V curve for a solar cell shows that it is very similar in shape to a rectangular

hyperbola, in the power generation region. This suggests that an approximate maxi-

mum power point can be obtained by determining the point at which a tangent to the

I-1
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Figure 95. Simplified equivalent circuit of a solar cell.

I-V curve is parallel to a straight line through the Voc and Jsc points, i.e., the point

at which:

dV Voc
- (137)

dJ Jsc

Using this assumption, approximate maximum power point parameters are derived:

V'mp _ AkTq ln(-_/+ JLRs/-_ --- 1) (138)

where

B - JL/Jo

C = lnB

J Rq
L s

AkT

It is assumed that:

JL >>Jo"

(Primed variables are used to represent approximations derived by this procedure. )

Since

V x J

F : mp m D
V x J

OC SC
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it can be easily shown from (138) and (139) above that:

F ! ___

inB-InC +':::'O]x
For the ideal cell, where R = 0, these expressions can be simplified:s

V'mp = --AkTq In (-_-) (140)

i / k

J' --Jo I-l-nB-)mp - JL

i F' = (inB - lnlnB) (InB-l)

i (lnB)2

(141)

(142)

i
I

I
I

I
!

3. ComparisonBetweenTheoryand Practice

To provide some guide to the accuracy of these approximations, the results from

their use have been compared with the accurately determined Vmp , Jmp, and F values
from precise numerical solutions. The results are displayed in Figure 96, which show

the domains within which various accuracies are obtained as Rs, Jo, and A change.
The value of JL was taken as 40 mA. cm -2 for these calculations. Inspection of equation

(135) shows that for (JL > > Jo) the curve shape will be invariant under changes of the

parameters R s and A, provided the parameter (Rs/A) remains constant, although a

scaling factor change in V will be produced. The invariance of the curve shape, how-

ever, results in the errors for the maximum power point parameters being the same

at a given value of Jo and (Rs/A), so that these have been used in plotting Figure 96.

The results show that the approximation leads to errors less than 1% in F for most

practical cells of good efficiency, but that errors between 1 and 10% will generally

exist in the Vmp and J'mp values. The approximation always gives F' values smaller

than the true F', as would be expected. Also, J'mp > Jmp, and V'mp < Vmp in all
cases.

I
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GLOSSARY OF SYMBOLS FOR APPENDIX II

A cell area

IL light-generated current

I maximum-power-point current
mp

J maximum- power-poiut current
mp

density

L cell length

composite parameters intro-M
/ duced for convenience and

N l[ defined in the text

P power delivered to load by cell

R S cell series resistance

S grid aperture width

T grid line width

V maximum-power-point voltage
mp

W cell width

po sheet resistance of diffused

region

PT sheet resistance of grid line

{]For a graphical definition of L, S, T, and W, see Figure 36. )
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APPENDIXII

OPTIMIZATIONOFGRIDSTRUCTURES

1. Statementof the Problem

Consider a cell with the usual contact comb structure as shown in Figure 36. (The

nomenclature follows that of Wolf, reference 194.) Series resistance in the device

arises from contributions from the resistance of the grid line, and from the surface

resistance of the diffused region. Application of more grid lines, and increasing their

width, reduce the series resistance, but cause a loss in Isc for the cell, by obscuring
the active region. A trade-off analysis will be performed, to derive expressions al-

lowing the optimum grid geometry to be calculated in terms of the various cell p,_ram-
eters.

In the usual case, the overall dimensions of the cell are determined by manufacturing

convenience or application suitability considerations, thus fixing W and L for the device.

It remains to choose suitable values of T and S to maximize the power output. We

assume that the geometry of the contact strip is fixed by contacting reliability or man-

ufacturing considerations, as is normally the case, and for ease of analysis, the cur-

rent collection directly onto this contact is neglected. Some comments on these points
are in order:

a. If the resistance of the contact strip is neglected, the efficiency of the cell is

independent of L.

b. The efficiency of the cell increases monotonically as W is reduced, if the

contact strip is regarded as being external to _he cell proper.

c. It can be shown that neglecting current collection directly onto the contact

strip is equivalent to assuming that:

DsS + DTW << Ps w

8W 2T 2S
(143)

For the values of Ds, OT, and T in most cells, this is equivalent to assuming that

W>> S (144)

II-I



2. Choiceof T

A condition for optimum T does not exist, or rather, would lead to T-_0. This

can be quickly shown by reductio ad absurdum of the assumption that an optimum value

of T existed.

Suppose an analysis has indicated that for a cell with given W and L, the "optimam"

grid has geometry S and T. Then the contribution from the diffused layer and the grid

lines to the cell series resistance is given by:

DTW OsS_ (S+T)R = " +--_-] x_ (145)s 2T L

This follows the analysis of Wolf (194), and assumes that the effect of the distributed

resistance on the cell characteristics can be approximated with good accuracy by a

lumped R s, as in the equivalent circuit of Figure 95. This is a good approximation

for reasonably efficient solar cells, where Rs is low.

Consider now a cell w,.'th the same W, L, Ds, and PT' but with S _ = S/2 and T' = T/2.

IL (and hence Isc in a cell with low Rs) will be the same in the two cells, but the series
resistance contribution in the second ,cell R _, s is given by:

R, = t0T W DsS_ (S+T)+ x _ (146)
s 2T 32W1 L

Thus the contribution from the grid lines remains the same, but that of the diffused

region has decreased by a factor of 4, and the new cell has a resistance lower than

that of the cell with the "optimum _' grid geometry.

Hence R s can be reduced monotonically by making S and T smaller (provided PT re-

mains the same, which in practice may not always be true). It follows that in the

practical case, T should be made as small as technology will allow, and it remains

only to calculate the optim_lm value of S to be used with a given value of T and the other

device parameters.

3. Optimization of S

Ideally, the power available from a cell with a given value of S would be maximized

by expressing P as a function of S, and using standard calculus techniques. In practice,

this leads through rather complex algebra to a non-analytic solution. For use in most
real situations, approximations can be made which lead to a more tractable analysis

and to equations which can be solved more easily.

II-2
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It is assumed that the power available from a cell with a small value of R s is given

by:

2
P = V x I - I x R (147)

mp mp mp s

where Vmp, Imp are the maximum-power-point parameters where R s = 0 for the cell.

This assumes that Imp for the cell is the same both with and without R s present, which

is patently untrue. However, for small values of Rs, P is not greatly sensitive to
changes in I close to the maximum power point, because of the shape of the I-V curve.

The assumption is also equivalent to stating that, in Figure 97, the area of the region

(ABCFED) is equal to that of the region (BCHG). This approximation is sufficiently

close for most practical situations, but it should be borae in mind that it provides a

limitation on the applicability of the results which follow.

It is required to maximize the power per unit area generated by the cell, by varying S°

P [I -(Imp)2 J /APower per unit area =_- = mp x Vmp x R s

J V S
mp mp , mWS) 0s )

(S+T)W \ 2T 8W /_-T (148)

I

A

D

:o

E,_ POWER POINTS

m

HFC
V

Figure 97. I-V curves for solar cells with and without series resistance,

showing effect of approximation used in optimum grid spacing analysis.
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Putting d(P/A)/dS = 0 to obtain the stationary points, gives (with some manipulations:

s_t_ 0__)s_+(_w_0_)s_v__+ _
+ T " Os °s OsJmp

= 0 (149)

where it is assumed that the reverse saturation current density is given by only the

cell area not covered by the grid lines; this will introduce a very small error compared

with the assumption discussed above.

It can be shown that this equation has one positive real root (the required value), and

two negative roots with no practical significance. Although standard algebraic tech-

niques can be applied Lo obtaining anal_ically the required root of equation (149) it is

in practice less effort to solve the equation using graphical or numerical methods.

Finally, we note that if:

the grid line resistance can be neglected. In this case, the algebraic methods for ob-

taining the root of the cubic equation give comparatively tractable results:

S= M+ N- T/2 (150)

where

T3 Vmp  4VmpTT3)]lJ3__ _ (151)

N [DsJmp 8 DsJmp _ OsJmp 2

In many cases:

VmpT T 3

oJ 2
s mp

and the solution reduces to:

1/3

(i52)

if S>>T (as is normal).
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It is interesting to apply these results to present-day cells, to compare the calculated

optimum grid spacing with that determined experimentally. Three cases will be con_
sidered:

al A 2 x 2 cm solder-dipped silicon cell, with the grid line cross-section as

shown in Figure 98. The minimum technologically possible grid line width

is taken as 5 mils, and the silver-titanium layer is electrically in parallel

with the solder filet, giving PT -- 10-2 _._-1

b. A 2 x 2 cm solderless cell with a structure identical to (a) except that PT is
raised by omission of the solder filet.

Co A 55 cm 2 CdS thin-film cell, in which it is assumed that electrical conduction

in the grid bars running normal to the major direction of current flow can be

neglected.

The needed ,Jell parameters for each case have been taken from the literature, and are

displayed in Table XV, together with the results of the calculation for optimum S, and

the empirically determined optimum S values. For each of these cases, the "negligible

PT approximation" could not be used, and it was necessary to solve equation (149) ac-
curately.

It is seen that the agreement between the analysis and the experimental results is fair.

Considering the broadness of the maximum in the empirical optimization process (it

was found that for solder-dipped Si cells, 4, 5, or 6 grid lines gave almost identical

results), the agreement must be considered satisfactory.

FILLET HEIGHT

ASSUMED TO BE T/3_._

///

_ T

n-TYPE SILICON

...J
v I

Pb-Sn SOLDER FILLET,

_,/ ULK RESISTIVITY

2 x 10-5 9, cm.

.///
_--SILVER- TITANIUM LAYER

SHEET RESISTIVITY

_o-2 9,. [3 -I.

Figure 98. Cross-section through grid line of a solder-dipped

silicon cell, showing geometry assumed for sheet

resistivity calculation.
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APPENDIXIII

CHRONOLOGYOF GOVERNMENT-AGENCYFUNDEDRESEARCHAND DEVELOPMENTPROJECTS

RELATING TO SOLARCELLS

The tables given in this appendix summarize the chronology, and the results

achieved, for government-supported projects relating to solar cell research and

development. The major source for compiling the tables has been the Power Informa-

tion Center Briefs, but this has been supplemented by independent knowledge to a large

degree. All funding level information has been taken from the PIC Briefs, however,

so that this is not available for projects not covered by the Briefs. Although every

effort has been made to provide as complete a tabulation as possible, the limited

sources available make it probable that some projects, particularly from the pre-1960

period, are not included in the tables. In addition, the coverage of the radiation-

effects field has been selective rather than exhaustive, since this best matches the
needs of the work in hand.
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v01taics field, aside from the inevitable lacunae in the main subject area. In addition,

the field of radiation damage studies has not been exhaustively documented, since the

amount of available literature in this field is much greater than that needed for the

purposes of this review.
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latter to be listed by year of publication, while allowing all of the reports on a given

contract to be grouped together even when these have not been published in the same
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sake of brevity.
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